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In order to increase efficiency and lifetime of cutting tools it is typical to apply thin
coatings by physical or chemical vapour deposition. Applying coatings on cutting tools
has shown an increase in both efficiency and lifetime and are of large interest in
further development. The study of coatings and their mechanical properties is a very
active research area and produces tools extensively used in the industry.
The behaviour of materials on a macroscopic scale can typically be related to
microscopic properties. Some coatings produced by Chemical Vapour Deposition
(CVD) but especially Physical Vapour deposition (PVD) have crystal structures which
are difficult to analyse by conventional methods due to crystal sizes in the nanometre
scale. For nanocrystalline materials standard methods fall short due to a limited
resolution of the methods.
Recently a method for electron diffraction of crystalline samples was suggested to be
used differently in order to achieve a higher resolution. Unlike earlier when electrons
were reflected from the sample, using Electron Backscattering Diffraction (EBSD), the
electrons were transmitted through thin samples with thicknesses in the magnitude of
100 nm, which enabled the crystal structure to be determined. The new method is
typically referred to as either Transmission Kikuchi Diffraction (TKD) or transmission
EBSD (t-EBSD) with a resolution down to approximately 10 nm.
The goal with this master thesis has been to evaluate sample preparation methods
and TKD studies on PVD samples. Each step has been divided into parameters which
govern the sample preparation and analysis and optimized accordingly in order to
achieve best possible results of the crystal structure of PVD coatings. From this it has
been possible to show how TKD is optimally performed and which difficulties and
limitations that are present.
In this thesis two coatings, TiN and (Ti,Al)N, have been studied with TKD and two
different preparation methods have been attempted. These were precision mechanical
polishing and in situ lift-out with a Dual Beam System. Mechanical polishing did not
succeed in producing samples for TKD but was not ruled out as a possibility while the
in-situ lift out method could both produce samples and achieve a crystallographic
indexing around 80 %. The only areas which were difficult to index were crystal
boundaries and crystal clusters where individual crystals were in the range of <30 nm.
In these areas overlapping Kikuchi patterns were observed due to the resolution limit
of TKD.
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Populärvetenskaplig sammanfattning
För att öka effektivitet och livslängd på skärverktyg är det vanligt att man belägger med tunna
ytskikt med olika beläggningsmetoder. Beläggningsmetoderna går ut på att skapa reaktioner som
ger nya ämnen som lägger sig på skärverktygen. Att använda ytbeläggningar har visat sig ge både
högre effektivitet och livslängd och är ett område som är högintressant för fortsatt utveckling.
Materialegenskaper så som vi upplever dem kan vanligtvis relateras till mikrostrukturella
egenskaper som kan ses på en mikrometerskala. Ett sätt att analysera dessa egenskaper är att
studera kristallstrukturen hos beläggningarna och därigenom beskriva hur materialen kommer
bete sig till exempel när det kommer till hållbarhet. Vanliga standardmetoder är däremot svåra att
använda på beläggningar då de är för grova för att ordentligt kunna studera den mikrostrukturella
nivå som är intressant. För att ordentligt kunna studera beläggningar behövs mikroskoptekniker
som ger en upplösning ner till nanometerskala.
Nyligen har en ny metod tagits fram som gör det möjligt att studera kristallstrukturen hos
material på en storleksnivå med nanometerstorlek. Man har använt elektroner som har skickats
igenom olika material och reflekterats från kristallerna under färden för att bestämma
kristallstrukturen. Tidigare har man använt elektroner som reflekterats från ytan av material men
det har inte varit möjligt att få tillräckligt bra upplösning med den metoden.
I mitt exjobb har jag studerat hur man kan framställa prover och analysera dem på bästa sätt
genom att dela upp alla steg i ett antal parametrar, som sedan anpassats för att ge bästa möjliga
resultat. På så sätt kan man identifiera hur alla steg ska genomföras och visa på vilka svårigheter
som finns med metoden och i vilken grad den fungerar.
Två ytbeläggningar har studerats och två olika sätt att förbereda dem för analys har gjorts. Den
ena metoden var en sorts mekanisk slipning men lyckades inte med att framställa prov som var
tillräckligt bra för att analyseras. Proven gick antingen sönder eller blev för tjocka för att
elektronerna skulle kunna åka igenom utan togs istället upp av materialet. Den andra metoden går
till så att man skär loss en liten bit i vakuum där även analysen sedan kan göras. Genom att
använda en jonkanon kan man sedan tunna till provet så att det blir lagom tunt. Den senare
tekniken fungerade bra för att tillverka prover för analys. Den enda gången det blev svårt att
analysera material med den tekniken var när kristallerna blev så små att även den nya tekniken var
för grov.
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Acronyms and frequently used words
The world of microscopy has, counting low, hundreds of acronyms and abbreviated words for
various methods and instruments. Although not all of those used in the project are given here,
the more basic and central are.
EBSD – Electron Backscatter Diffraction
SEM – Scanning Electron Microscope
TEM – Transmission Electron Microscope
TKD – Transmission Kikuchi Diffraction
t-EBSD – transmission EBSD, same as TKD
XRD – X-ray diffraction
FIB – Focused Ion Beam
PVD – Physical Vapour Deposition
CVD – Chemical Vapour Deposition
LOM – Light Optical Microscope
DF – Dark Field
BF – Bright Field
PIPS – Precision Ion Polishing System
FSD – Forward Scatter Detector
Hit rate – The number of indexed pixels as a percentage
Zero solutions – Pixels where indexing was not successful
Band contrast – Contrast between Kikuchi bands and background noise
Inverse Pole Figure – A stereographic projection in order to relate the number of grains of a
crystal orientation to the crystal orientation axes
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I. Introduction
I.1 Background
Thin coatings have become vital in order to apply protective covers on tools. Coatings offer an
increased lifetime and efficiency allowing for higher productivity and higher quality products. In
order to understand the properties of the coating it is vital to study their structure, and link
together its microscopic properties with its performance. One way is to study the microstructure
of coatings and from the extent of morphology and crystal orientation draw conclusions from
this on how the coating will perform in various applications.
There are several ways to study the crystal structure but all methods available generally depend on
using incident photons or electrons and studying diffraction in accordance to Braggs' law. Photon
diffraction is used in X-ray Diffraction (XRD) while electrons are used in Electron Backscatter
Diffraction (EBSD) and Electron Diffraction (ED) in Transmission Electron Microscopy
(TEM). EBSD, as the name implies, studies the diffraction of electrons backscattered from the
specimen. Recently R. R. Keller & R. H. Geiss [1] proposed using equipment for EBSD analysis
to study electrons transmitted through a specimen, calling the method transmission EBSD (tEBSD). Here, the name transmission Kikuchi diffraction (TKD), introduced by P. W. Trimby
(2), will be used instead of t-EBSD as the name is more correct due to the physics of the method.
The large benefit with TKD is the possibility to examine the microstructure of materials
consisting of nanocrystals rather quickly. In comparison to EBSD and TEM, TKD fills a role of
examining crystal structures at small scales giving better lateral resolution than EBSD and better
statistics than TEM. While EBSD has a lateral resolution of roughly 100 nanometres (which
means that crystal sizes of 3-4 times larger can just be resolved) the software used is applicable
for TKD enabling routine characterization of nanocrystalline materials down to a few
nanometres in resolution at best [2]. TKD does however require electron transparent samples
which demand a sample preparation similar to TEM samples with final thicknesses in the
magnitude of 100s of nanometres.
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I.2 Scope and goals
This master thesis focuses on the optimization for TKD studies of PVD coatings. The
optimization for TKD is divided into four parts; sample preparation, microscope conditions, data
acquisition and data processing.
The parameters for sample preparation are the sample thickness, any final polishing and surface
cleaning and which method is preferred for the preparation of TKD samples. The microscope
conditions are the specimen tilt, working distance, acceleration voltage, electron current, dwell
time, step size and finally the position of the EBSD detector. The data acquisition and data
processing parameters are the choice of bands and reflectors, Hough resolution, refined solution
and noise reduction.
In this thesis a (Ti,Al)N PVD coatings and TiN PVD coating were selected for the method
optimizations.
The goal is to recommend methods for specimen preparation, data acquisition and data
processing and to acquire TKD data successfully in order to be able to draw reliable conclusions
regarding the samples microstructure, i.e. grain size distribution and crystal orientation for
nanocrystalline coatings.
The three questions at hand are
•
•
•

How PVD coatings can be prepared for TKD
Which microscope and acquisition parameters influence the quality of TKD patterns and
which are the parameters of main importance
Is it possible to acquire high indexing rate in order to draw valid conclusions about the
microstructure
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II. Theory and instrumentation
This chapter introduces briefly the physics behind diffraction in general and Kikuchi diffraction.
Different scattering processes are followed by sample preparation in general and equipment used
such as microscopes and mechanical and ion polishing equipment. The parameter optimization is
incorporated with the sample preparation while parameter optimization regarding microscope
conditions and data processing using software packages from Oxford Instruments are mentioned
separately. The mathematics behind scattering and various approximations of scattering are
collected in Appendix A.

II.1 Diffraction
II.1.1 X-ray diffraction

Diffraction against crystal planes is described by Bragg’s law which gives angles for scattering of
crystal lattices according to the equation
!" = 2!!!" !"#!!

(1)

where n is an integer, is the wavelength of the incident wave, !!!" is the spacing between the
crystal lattices, hkl are the Miller indices and !! is the angle between the incident and scattering
plane. Interference in crystals give constructive peaks for specific angles and by determining
them, the crystal structure of solids can be studied precisely.
By knowing the wavelength of the X-rays and !! for all peaks, the crystal structure can be
determined using Bragg’s law. The existence of several peaks is due to the term for the spacing
between the crystal planes. The Bravais lattice !!!" which has a different formula depending on
different crystal structures is generally dependent on the Miller indices and one or several lattice
spacing’s. For example, a cubic crystal structure has
!
!!!" =
(2)
ℎ! + ! ! + ! !
Inserting the expression for !!!" in the case of a cubic crystal would then give (with ! = 1)
! !
!"#! !!
= !
(3)
!
ℎ + ! ! + !!
and gives a direct dependence between the crystals lattice spacing a and angle !! between the
incident and scattered plane. X-ray diffraction does however lack the necessary resolution to
study nanocrystalline materials and is unusable below some 100s of nanometres.
II.1.2 Electron diffraction

Due to the limited resolution obtained in X-ray diffraction electrons can instead be used in a
similar fashion. Electrons interact much more strongly with matter compared to X-rays and due
to this a resolution which is much higher may be observed for crystal structures [3]. Electrons
interacting with matter will undergo processes that are either elastic or inelastic, in other words
conserving their initial energy or not. Electrons and X-rays do however share the property of
interference as they may both be treated as waves, giving that electrons also obey Bragg’s law.
An illustrative way for when the Bragg condition is fulfilled is done by introducing the Ewald
sphere. Assuming an incident wave vector !!!and outgoing wave vector k o !!in an elastic scattering
process, the difference in length between the two wave vectors is
1
!! − !! = 2 !"#$!
!

(4)

9

If the left hand side is equal to the lattice vector !!!" the expression may be written as
!!!" =

1
!!!"

1
= 2 !"#$
!

(5)

which gives Bragg’s law. The condition is fulfilled given that the scattering vector is equal to a
reciprocal vector. In a graphical sense this can be represented by Figure 1, called the Ewald
sphere.

Figure 1. The Ewald sphere. The sphere is in reciprocal space and shows which lattice planes that give rise to a
diffracted signal. The Bragg diffraction condition is only fulfilled for points on the surface of the sphere.

II.1.3 Kikuchi diffraction

Kikuchi diffraction is a two-step process. First, electrons scatter diffusely and then diffract
against a crystal plane in the sample. As shown in Figure 2 an incident electron beam scatters
diffusely in a forward direction in the sample with the wave vector pointing in a new direction.
The propagating electrons may then scatter against a crystal plane, given that they fulfil the
conditions for Bragg scattering and then successively be detected by a camera.
The difference between having diffuse scattering and not is that the Bragg condition may be
fulfilled for several wave vectors resulting from the diffuse scattering. If no diffuse scattering
takes place the electron will scatter of a crystal plane only if its incident wave vector fulfils the
Bragg condition.
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Figure 2. The nature of Kikuchi diffraction with incident electrons first undergoing a diffuse scattering followed by
Bragg scattering against a crystal plane. A camera positioned underneath the sample documents the intensities and
the positions following from the scattering.

II.2 Signals
When the incident electron beam interacts with the specimen several signals are generated and
are reflected, absorbed or transmitted by various means. The interaction processes usually take
place in a volume of the specimen mentioned as the interaction volume or activated volume. The
size of the volume is primarily dependent on the material and the energy of the incident electrons
and is also very closely related to the resolution of the electron images obtained [4], see Figure 3
for a schematic picture of possible interactions.
Mentioning the different signals briefly and starting with reflected signals, there are backscattered,
secondary and Auger electrons and both characteristic and continuous X-rays [5].
Backscattered electrons are due to electromagnetic interaction with the atom, resulting in a recoil
of the incident (primary) electrons. The situation is well explained by Rutherford scattering as
electrons even at very high energies interact by the electromagnetic interaction with an atom and
its nucleus [6]. Secondary electrons are generated when the primary electron excites an atom’s
electron. Usually, secondary electrons have low energies and are originally located in an outer
shell and less strongly bound.
Characteristic X-rays and Auger electrons are competing processes. When a primary electron
excites an electron in one of the inner shells such as the K-shell, a subsequent electron (or several
electrons or photons) from an outer shell may also be excited in order to compensate for the
change in energy. The electrons emitted by the process are called Auger electrons. On the other
hand, if an electron from an outer shell fills the vacancy, a characteristic X-ray is emitted in order
to compensate for the lower potential energy of the electron.
Electrons can also be absorbed resulting in a charging of the specimen. Unless the specimen is
conductive, there will be a build-up of charges which will interfere with the signal and give less
than optimal pictures as electrons will interact with the additional potential.
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Figure 3. Signals generated in a thin specimen (marked in orange). The arrows indicate in a schematic way in which
direction the signals propagate.

Electron-hole pairs are due to sufficient energy being available for electrons to move from the
valence band to the conduction band. When this happens, an electron-hole pair is created. When
an electron falls down into the valence band, the hole is filled and the electron-hole pair is
annihilated [7].
Finally, there are the transmitted signals; the direct beam, elastically and inelastically scattered
electrons and bremsstrahlung. The direct beam is a part of the incident beam which does not
deviate from the direction of the incident beam when transmitted through the sample.
Bremsstrahlung is energy continuously emitted by the electrons as they are slowed down in the
specimen.
Transmitted and scattered electrons can either interact elastically with the specimen and transmit
through the sample without losing energy or lose energy by inelastic scattering events, such as
excitations of plasmons or electrons in atomic shells. Plasmon excitation is a major source to
inelastic scattering.

II.3 Coatings investigated
II.3.1 Crystals and nanocrystalline materials

Crystals are defined as a group of atoms in some configuration that display an ordered structure.
The ordered structure is described by symmetries in the crystal structure and shows some
translational and rotational symmetry. Crystals are not necessarily large, as we may imagine them
to be, but range in a large interval from macro objects down to a nanometre scale.
Nanocrystalline materials are generally considered to be polycrystalline materials with grain sizes
less than 100 nm in at least one dimension. In comparison to materials with coarser grains
nanocrystalline materials often exhibit superior properties such as increased strength and
hardness among others [8].
II.3.2 Coating deposition

Coatings are thin layers, typically 100s of nm up to 10 µm, deposited on different materials in
order to achieve, in this case, superior tools with properties such as increased hardness and
increased oxidation, chemical and wear resistance to name a few.
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II.3.2.1 Physical vapour deposition

Physical vapour deposition (PVD) is a method which deposits coatings by physically evaporating
bulk materials which forms the coating material on the substrate. The PVD method used for
deposition in this work is cathodic arc evaporation, in which an electric arc evaporate material
from a cathode which later condenses onto a substrate.
II. 3.3 Specimen preparation methods
II.3.4 Precision mechanical polishing

MultiprepTM (Allied High Tech) is a precision mechanical polishing equipment which grinds and
polishes samples for microscopic evaluations (see Figure 4). By rotating a platen on which a
diamond lapping film is placed and holding a sample against the film a very smooth surface can
eventually be obtained. Subsequent diamond films of finer grain size are used until the sample
has obtained sufficient thickness and smoothness.
It is a sample preparation method well suited for sample preparation in Transmission/Scanning
electron microscopy and Transmission Kikuchi diffraction as very fine polishing can give a
sample that is partly electron transparent. Usually this is obtained by tilting and polishing the
sample into a wedge which if done properly, is electron transparent along its thinnest edge. For
lighter elements electron transparency can be seen in a light optical microscope by observing
contrast bands along the edge which appear for thicknesses below a few µm.

Sample
Pyrex

Figure 4 from AlliedHighTech’s website (www.alliedhightech.com). (a) Picture showing a MultiprepTM. The red circle
in the middle is the platen on which a diamond lapping film of certain grain size is placed. The sample is mounted
under the spindle and is polished by lowering the spindle. The sample is polished by using finer and finer lapping
films to achieve a sufficiently smooth and thin sample. (b) A pyrex with a sample glued on top. When mounted the
parts pointing up are pointed directly towards the platen with the diamond lapping film.

MultiprepTM does not facilitate that electron transparency is reached for all materials and may also
induce mechanical damage and in some cases some type of after-treatment is necessary. A
possible and standard way to further thin down samples is to use low kV Ar ion milling. It does
however come at cost of inducing an amorphous layer which may be thicker compared to using
mechanical polishing only.
II.3.5 Ion beam milling and polishing
II.3.6 Focused ion beam (FIB)

The focused ion beam (FIB) instrument is often used as it offers both high-resolution imaging
(by using secondary ions and electrons), and the possibility to cut out small amounts from a bulk
in a region of interest, e.g. for cross section imaging, using Ga ions. The FIB is similar to the
SEM as it is based on the same physics with the only difference being the usage of ions instead of
13

electrons. It is normally used in combination with micromanipulators, for example to prepare
TEM samples [9], while placed in the SEM.
Several processes take place when the ions interact with the sample and these are important to
take into account as they introduce artefacts and defects depending on incident energy and
sample composition. These processes are [9]
•
•
•
•
•
•

Ion reflection and backscattering
Electron emission
Electromagnetic radiation
Atomic sputtering and ion emission
Sample damage
Sample heating

When ions enter the sample they undergo elastic and inelastic interactions with the sample and in
some of the inelastic reactions, energy will be transferred to displace atoms. When the incident
ions have an energy much higher than the average energy of the sample’s atoms, collision
cascades occur and can be used to study the behaviour of the ions interactions. After the cascade
has ended, what remains is ion beam damage such as displacements, lattice defects, implanted
ions, heat, emitted particles and radiation, all of which continue to affect the sample [9]. The
damage appears as amorphisation of the sample and ranges to a depth of 20 to 30 nm for 30 kV
[10] and is important to take into account during sample preparation using ions.
Sample preparation using FIB can be made in several ways but one standard way is the in-situ
lift-out technique. It is based on cutting out a sample using FIB by first applying a protecting
layer of platinum (Pt) to the surface of interest and then milling around it. A thin needle can then
be used to lift out the sample and place it on a grid where it may further be thinned until the
required attributes are attained, such as electron transparency. A large benefit with this method is
that the sample preparation can be done in vacuum to a large extent and can be monitored
continuously making it easier to observe progress and possible damages early compared to other
techniques.
II.3.6.1 Artefacts introduced by ion milling

Depending on the acceleration voltage used in the FIB, artefacts are induced in the sample. Both
implantation of ions, re-deposition of removed material and amorphisation occur at some extent.
The surfaces may need to be polished or milled additionally using lower current as well as ion
acceleration voltage and an appropriate tilt angle. The sample may also need to be cleaned using a
plasma cleaner to remove contaminations from the surface.
To not obtain blurred images and low contrast Kikuchi pattern due to amorphisation, the
amorphous layer must preferably be completely removed [10]. For an ion acceleration voltage of
30 kV and a ion current of 80 pA, the damaged layer is in the order of 20-30 nm for Si [11]. The
thickness of the damaged layer clearly depends on the material but does point at a potential
problem which has to be addressed and accounted for, especially for thin samples. However, as
also stated by [11] the samples can be improved by either lowering the acceleration voltage
and/or decreasing the incident ion-milling angle. By using lower energies the amorphised layer in
the FIB may be decreased to a few nanometres.
II.3.6.2 Low kV Ar Ion milling

Low kV Ar Ion milling is a way to further thin a sample using energies from a few hundred eV to
a couple of keV depending on the equipment’s specifications. The two ion milling equipment
14

used were the Precission Ion Polishing System (PIPS: Gatan) and the NanoMill model 1040
(Fischione). The PIPS works in the range around a few keV while the NanoMill ranges between
200-2000 eV. Naturally, the PIPS removes material faster while the NanoMill is used as a final
preparation method before inserting the sample in the SEM for TKD evaluation.
Damages occurring due to ion milling can be related to transport theory and at which depths
vacancies are formed [11, 12] and the roughness of the surface can be connected to the energy of
the incident ions with higher energy giving a rougher surface. Also the thickness of the
amorphised layer is depending on the energy [12]. When using ion milling, low energies are to be
preferred [11, 12]. As an example 4 keV at 4º is used to remove damages from the FIB sample
preparation while either larger angles or higher energies may damage the sample or introduce
large areas of amorphisation.
II.3.6.3 Plasma cleaning

Plasma cleaning is an efficient way to clean surfaces. It is able to remove organic contaminants by
either physical ablation and/or chemical reactions using a gas mixture of Ar and either H2 or O2.
Unlike many other cleaning methods, it leaves no residues on the surface and with proper
handling; virtually all organic contaminations can be removed [13].

II.4. Microscopy and transmission Kikuchi diffraction (TKD)
II.4.1 Scanning electron microscopy (SEM)

B

A

Figure 5. Both pictures show damages to a cutting piece with the only difference that (a) has used secondary
electrons for detection showing topography and (b) backscattered electrons, highlighting compositional variations.

The Scanning electron microscope (SEM) is based on creating a coherent and focused electron
beam which is incident on a sample of interest, mounted in the microscope. The incident
electrons are channelled towards, and interact with, the sample through various elastic and
inelastic processes. By studying emitted electrons and X-rays from the sample information about
its morphology, surface topography and chemical composition is acquired.
SEM is a very powerful tool as the image created correlates very well with the picture a light
optical microscope would give albeit with a much higher resolution. The images are close to what
the human eye would observe if it was not for the limitation of the eyes resolution. SEM can also
be used to study compositional variations as seen Figure 5.
The SEM used for TKD in this work was mainly a DualBeam system; Helios NanoLabTM 650
(FEI Company) [14]. Also two other SEMs have been used to a lesser extent for TKD and
analysis in general.
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II.4.2 Probe current, spot size and aberrations

The resolution of an image is strongly correlated to the spot size of the incident electron beam
and to achieve a good resolution it is important that the spot is minimised in size. In a fault-free
optical system the probe size !! and probe current I are related to each other (assuming uniform
intensity) according to [4, 15]:
1
(6)
!! = !2 !2 !!2!
4
Where ! is the brightness defined as
!
!=
(7)
!! !
where j is the current density and ! the aperture angle. The brightness depends on the filament
used but is around 106 A/(cm2sr) for a LaB6 filament and 109 A/(cm2sr) for a Field Emission
Gun (FEG) [15]. Clearly having a lower current and higher brightness results in a smaller spot
size since the spot size is inversely proportional to the square root of the brightness and
proportional to the square root of the probe current.
An additional term that plays a part is noise which is prominent especially for lower currents and
faster scanning speeds. Hence the current cannot possibly be set to a lowest value possible but
rather a balance must be struck between the two variables, i.e. current and noise.
Optical systems are not fault-free and so the spot size also depends on lens defects, so called lens
aberrations. The four most common aberrations are spherical aberration, chromatic aberration,
diffraction aberration and astigmatism, with respective diameters (except astigmatism) given by:
!! = !! !3
!! = !! !

(8)

∆!
!0

(9)

!
(10)
!
Where !! and !! are constants, ! is as earlier stated the aperture angle, !! the energy of the
incident electrons and ∆! is due to small fluctuations in the electron energy giving different focal
lengths. Astigmatism is due to a non-symmetric magnetic field around the optical axis and is
treated by applying an additional magnetic field in order to neutralize it. This is done by varying
the stigmator on the SEM’s control panel.
!! = 1.22

When taking imperfections in the lens system into account the effective diameter is rather a sum
of the diameter of the fault-free lens and aberration diameters and one way to state the effective
diameter is to say it is
!=

(11)

!!! + !!! + !!! + !!!

The principle behind reaching the smallest possible diameter is not radically changed by this but a
very important point is that there is an optimal giving the smallest spot diameter, which, on a
side-note affects the depth of the field.
II.4.3 Transmission Kikuchi Diffraction (TKD)

Transmission Kikuchi diffraction (TKD) is a detection method used in a SEM with a detector for
Electron Backscatter Diffraction (EBSD). The TKD detector used is a NordlysMax2 (Oxford
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Instrument) and is equipped with four FSE detectors. TKD is similar to EBSD and uses the
same detector, with the only differences being which signals are studied and how the sample is
mounted. While EBSD studies diffracted electrons backscattered from the sample, TKD studies
diffracted transmitted electrons. Figure 6 shows the setup for TKD in the SEM.
The benefit with TKD is the increased lateral resolution which enables the study of nanocrystals,
i.e. crystals with dimensions down to less than 10 nm, compared with EBSD which has a lateral
resolution of 25-100 nm due to a larger activated volume [1]. The downside is the requirements
of electron transparent samples, hence a more complicated sample preparation similar to TEM
samples, albeit studied with lower electron energies in the SEM.
TKD signals predominantly form in the lower part and not the full thickness of the sample [1],
[16], due to the much longer distances required for electrons scattered in the upper part of the
sample to reach the EBSD detector. The effect of this is that the obtained diffraction patterns
will give information only from the lower part of the sample.

Sample
holder and
sample

Electron
gun

EBSD detector

Figure 6. Setup of sample in the SEM for TKD, tilted away from the CCD EBSD detector. In the picture the sample
holder, electron and the EBSD detector are marked with arrows. Additionally the ion gun can be seen to the upper
right.

II.5 Software – AZtecHKL and Channel 5
Indexing Kikuchi diffraction patterns in order to determine the crystal structure is a tedious work
if done by hand. It then comes as no surprise that there exists software which uses image analysis
to do the vast amount of work in order to reliably index Kikuchi patterns, determine the crystal
structure as well as refining the results.
AZtecHKL is a software used to communicate with the EBSD detector and used in order to
determine the settings to analyse a sample. It may also save the detected diffraction patterns
enabling reanalysis of collected crystal maps.
II.5.1 Hough transform

The Hough transform is defined as going from a space ℝ2 → ℝ2 by the transformation
!, ! → !, ! with ! = !"#$% + !"#$% and is a transform used in image analysis of analytical
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shapes. For the case of Kikuchi diffraction, it can be used to transform Kikuchi bands into points
effectively giving a map where high intensity points uniquely correlate to a Kikuchi band given
that ! ∈ 0, ! , ! ∈ ℝ as shown in Figure 7.

Figure 7. A Cartesian coordinate system showing a linear line featuring the transformation coordinates r and

.

Channel 5 is a cluster of software programs which can enhance and present more information
gathered by EBSD in a clear way [17] and is used in order to manipulate the crystal maps in order
to make a better visual presentation of the crystal structure.

II.6 From Kikuchi patterns to TKD maps
From observed Kikuchi patterns software tools are used in order to relate the observed patterns
to crystal structures. For this libraries are imported that contain information on crystal structure
such as if it is cubic or hexagonal and its lattice parameters. Using image analysis methods the
obtained Kikuchi patterns are matched to possible crystal structure candidates (which are selected
manually). The image analysis is based on transforming the Kikuchi bands into Hough space
where they will manifest as bright dots, given a high contrast between the bands and the
background.
Once the crystal structure has been determined it is possible to adjust the theoretical patterns in
accordance with the observed patterns to determine how the crystals are oriented. When the
parameters have been determined crystal maps are filled pixel for pixel with the determined
crystal structure and orientation for each pixel. This is seen from the maps as a specific colour
which matches a certain orientation.
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III. Literature survey on TKD
III.1 Microscope conditions and sample thickness
II.1.1 Specimen tilt

Regarding the choice of sample tilt, different angles are given by different authors as seen by the
references below. Normally, in TKD the choice is to tilt the sample away from the EBSD
detector (meaning tilting the sample anti-clockwise to negative angles in respect to the horizontal)
but where the choice of angle varies. Brodusch et al. [18, 19] concluded that the best angle was 20º, however, Babinsky et al. [20] used angles between -50º and -35º, stating that the lowest angle
was preferential while Trimby et al. [2, 16] claimed that tilting the sample away from the detector
did not improve the results, and chose to have the sample horizontal to the incident beam.
Finally, Suzuki [21] used angles between -20º and -40º and suggested that lower angles give better
spatial resolution but that lower indexing occurred and instead suggested using an angle around 30º to -40º away from the detector.
Trimby [16] pointed out that horizontal alignment is preferential as the interaction volume of the
sample is minimized due to electrons travelling a shorter distance in the sample and also removes
the need for dynamic focus or tilt correction. It is also worth noting that the samples were
positioned so that no part of the stage was under the electron beam, eliminating backscattered
electrons from the stage affecting the pattern quality.
Brodusch et al. [18] tilted the sample to -20º to avoid shadowing effects and backscattered
electrons to reach the CCD camera and also because it was needed to obtain Kikuchi patterns
and STEM images simultaneously due to chamber space restrictions. Angles larger than -40º were
not investigated as significant loss of spatial resolution, due to the larger interaction volume, was
observed.
Finally, Suzuki [21] motivates the choice of angle by increasing the number of indexed points at
the cost of resolution, and restrictions in the positioning of the detector. Suzuki claims that if the
EBSD detector is not fully inserted into the SEM chamber a smaller tilt angle can be used which
would improve the quality of the patterns and the spatial resolution, although the possibility of a
horizontal alignment was not explicitly mentioned.
This indicates that a horizontal alignment may well be optimal as long as no backscattered
electrons are created from the sample holder, but that there are different restrictions in geometry
in the microscope chambers. It is worthwhile mentioning that all authors, including [20] who
used very large angles, all reached a good spatial resolution in the nanometre scale well beyond
the capabilities of EBSD. Also, for evaluating the size of the crystals a high indexing rate is better
than fewer indexed points with higher resolution.
III.1.2 Working and detector distance

Working distance and detector distance are generally to be kept small in order to maximize
resolution and the signal to the detector, although working distance also depends on the mean
atomic number (Z) in the sample. According to [22] the elastic scattering cross section is
proportional to !!.!" which would suggest a longer working distance for heavier elements and
vice versa. Brodusch et al. [18] showed that the working distance should be small but depending
on the material, due to the dependence of material in Rutherford scattering, and that the detector
distance should be short as a decrease in efficiency was observed for longer distances. Suzuki [21]
and Trimby [2, 16] typically used a working distance of 10 mm or less and with best results for 4-
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5 mm. It is also necessary for the sample to be positioned above the upper side of the EBSD
detector in order record full patterns and to not have any shadowing effects of the detector.
Based on the information above and assuming the simple relation in equation [22] the working
distance (WD) is given by
!" = ! ∙< ! >!.!"

(12)

and holds roughly for all materials. C is a material dependent constant which can be determined
based on the working distance, see [16] as an example for a titanium sample. The mean atomic
number for a (Ti,Al)N coating is roughly
< ! >≈ !!!" + !!!" / ! + !

(13)

assuming that the content of titanium and aluminium is much higher than nitrogen. ! and !
represent relative amounts of titanium and aluminium. Assuming there are two aluminium atoms
per titanium atom < ! >≈ 16 which in turn gives an optimal working distance of 3 mm
assuming that the very rough approximation holds.
III.1.3 Sample thickness

The diffraction pattern quality as a function of sample thickness at an acceleration voltage of 22
kV was studied by P. W. Trimby [2]. A Kikuchi pattern was recorded along a line on a sample
with radially increasing thickness. The diffracted pattern quality was measured as a function of
the Kikuchi band contrast where the patterns were collected with a step size of 200 nm.
It was shown that both thicker and thinner parts of the sample gave an unfavourable pattern
quality compared to thicknesses in the range of approximately 80-200 nm. For parts thicker than
200 nm overlapping patterns were observed while for parts thinner than 80 nm a smaller contrast
made indexing difficult. Increasing and decreasing the voltage favoured thicker and thinner parts
of the sample, respectively. An acceleration voltage below 15 kV gave good pattern quality even
for the thinnest regions.

III.2 Microscope settings
III.2.1 Acceleration voltage

Generally a high acceleration voltage is used in order to allow a large fraction of electrons to be
transmitted. The highest acceleration voltage possible in the available instruments is 30 kV.
However, it may not necessarily give optimal diffraction pattern contrast as stated by several
authors and Trimby et al. [16] used an acceleration voltage of 25 kV for a Ti sample in order to
increase the diffracted signal.
There is however a simple way to choose the optimal acceleration voltage. By starting out at a
specific voltage and evaluating a few diffraction patterns, the voltage is considered well-chosen
given that clear Kikuchi diffraction patterns are observed. If there are no patterns observed in the
region of interest and the region of interest being very thin it is advised to lower the acceleration
voltage. If the region of interest is thick and no patterns are observed, or there are overlapping
patterns, one may try to increase the voltage but generally it is hard to deal with, simply because
the sample is too thick (given that one works in the upper regions of the voltage). As a rule of
thumb starting out at 30 kV and lowering if necessary gives good results.
III.2.2 Beam current

As discussed in the section for theory and background the beam current and spot size are related
to each other but also the intensity is related to the beam current. In other words, when
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performing TKD one can observe the brightness of the obtained image from the EBSD detector
and from it draw conclusions if a higher or lower beam current is necessary. Determining the
proper beam current is best done experimentally while taking into account sample thickness,
sample material and potential problems such as beam induced heating, sample drift and charging
as well as contamination.
Keller & Geiss used low beam currents in the order of 400-600 pA [1] but also with long dwell
times in the order of 0.1-1 s meaning that producing diffraction patterns took a long time. P.W.
Trimby pointed out that with higher currents a much shorter dwell time could be used [2]
effectively shortening analysis time. Typical values used for the beam current are concentrated
somewhat above 1 nA, but ranged from a few pA up to 10 nA [2, 16, 23, 24 ,25].
A way to determine the settings for current and dwell time is by setting a maximal dwell time and
an initial (low) current and then successively increasing the current until an optimal signal is
obtained. The signal strength is shown in the EBSD software and on a scale from 0-100 it is
typically recommended to be around 75-85. Weaker signals show a tendency to lower the hit rate
while higher signals may overexpose the camera. If such a signal is not obtained one must instead
increase the dwell time. If the current is still low and there is no apparent risk for problems the
beam current may be set to a maximally allowed current (some arbitrary current which does not
damage the sample). By decreasing the exposure time until an optimal signal strength is again
obtained the dwell time and beam current are optimised in order to achieve best signal at shortest
time. Since the signal is expected to depend on the sample the current may not have an unique
value for which it is optimal.
III.2.3 Step size

The step size is one of the parameters that have the largest impact on the time to index an area
quadrupling the analysis time every time the step size is halved. The proper step size depends
heavily upon what is of interest. For mapping a large area (around 1 µm2 or more) a step size of at
least 15-30 nm must be used while for a very detailed analysis of a small area a step size below 5
nm may be required (areas with crystals below widths of 50 nm). There is also no additional
information gained from having a step size smaller than the beam diameter and hence no need to
use a step size below the given beam size. The feature size to be resolved determines the required
step size with as a rule of thumb; the pixel size should be third of the smallest feature size in the
region of interest (ROI).
III.2.4 Dwell time

The dwell time influences the time for every frame, i.e. the time to accumulate a signal. Longer
dwell times reduce noise but may also affect the sample, especially at larger currents and higher
voltages. Keller & Geiss [1] used very long dwell times but P. W. Trimby (2) showed that this was
not necessary and that 30 ms gave sufficient results. As seen from other articles as well [20, 25] a
shorter dwell time enabled the use of higher currents enabling faster indexing.
III.2.5 Position of the EBSD detector

The EBSD detector is preferably kept as close as possible to the sample but also with a large
angle with regard to the sample surface in order for the signal to be mainly generated in the lower
part of the sample according to Brodusch et al [19].

III.3 Data processing
Data processing is used in order to enhance the obtained results, in ways which do not alter the
interpretation of the obtained data but which removes errors and handles issues with nonindexed points.
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III.3.1 Hough resolution

The Hough resolution (defined in II.8) gives the area of analysis in Hough space of the Kikuchi
patterns with a higher Hough resolution indicating a larger area of analysis. The area used should
encompass all transformed Kikuchi band which in Hough space are single points. Essentially a
higher Hough resolution determines the quality of the band distribution. As a general rule a
higher Hough resolution indicates on a high-quality indexing but it is important to adjust the
Hough resolution for each sample. From the EBSD manual the following guidelines for
resolution are given
40-45: For fast data collection, where small angular errors (<2°) are not a problem.
60-65: A good compromise between speed and angular resolution.
75-80: For more accurate, but slower indexing.
III.3.2 Number of bands & reflectors

According to the AztecHKL manual [26] it is vital to optimize the number of bands and
reflectors in order to achieve best possible performance. The reflectors represent the number of
theoretical Kikuchi bands to use during data analysis where too few reflectors may give lower
indexing and misindexing. The bands are Kikuchi bands detected by the EBSD detector. The
number of bands observed and their strength can be related to the Hough transform and by that,
a specific number of bands may be chosen.
III.3.3 Refined solution

The refined solution is a method within the Aztec software which improves the angular accuracy
of the indexing procedure to 0.05° at the cost of longer analysis time. It is an innovative
algorithm, which refines the Kikuchi band position after indexing to achieve the most accurate
orientation measurements by overcoming the well-documented limitations of the Hough
transform. In general, it gives higher indexing but as the program is a black box information on
how the code works is not known and further information is not given by the vendor due to
pending patent application.
III.3.4 Noise reduction algorithm

Noise is generally present in all maps to some degree due to low quality EBSD patterns (EBSP)
and poor indexing and may have several explanations. Typically for TKD overlapping grain
boundaries, crystals smaller than the step size and amorphous regions are properties of the
sample which give non-indexed points, also called zero solutions. The software is also prone to
misindexing by indexing wrong phases or different orientations compared to surrounding pixels.
To remove noise it is common to remove all pixels which are not adjacent to a single indexed
pixel (called wild spikes) and extrapolating zero solutions. For the extrapolation of a non-indexed
pixel a number of adjacent indexed pixels is required. For example, one may require five adjacent
pixels to be indexed to extrapolate the zero solution.
III.3.5 Binning

Binning allows for a noise reduction by creating an average noise depending on nearby pixels. If
no binning is used and the dwell time is too short, single pixels may experience a too low signal
to noise ratio (SNR), usually the signal should be at least three times as strong as the noise.
For very high resolution pictures however, no binning is preferred as binning does reduce
resolution. Typically 2x2 binning is used when accuracy is more important than speed and 4x4
when speed is an important issue.
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IV Experiments and results
IV.1 Sample preparation
Sample preparation is a crucial step for achieving successful results in TKD. Very specific
conditions have to be obtained such as a sample cleaned from any contaminants, a smooth
surface, minimized damage during preparation and electron transparent areas. A smooth surface
is especially important for tilted surfaces in order to not observe any shadowing effects.
Furthermore, it is necessary that as few artefacts, such as amorphisation, as possible are
introduced to the sample in order to obtain a good pattern quality.
For the specimen to fulfil these criteria, different preparation methods are used. Here, two
different sample preparation methods are examined; semi-automatic polishing and in situ lift-out
using a focused ion beam (FIB) system.
The sample is as stated required to be electron transparent, i.e. a significant fraction of the
electron beam incident on the sample is expected to transmit through the sample without being
absorbed or backscattered. For a sample to be electron transparent it is necessary to be
sufficiently thin, typically in the magnitude of 100 nm. While studying Kikuchi diffraction
however, there is a lower threshold on the thickness of the sample as Kikuchi diffraction is a
two-step process, see Kikuchi diffraction or for example [27]. If the sample is thinner than required
for Kikuchi diffraction, ordinary electron diffraction is observed with point-like diffraction
points, formed by single diffraction in the sample, see Electron diffraction. There is also the
possibility to observe both point-like diffraction and Kikuchi diffraction simultaneously which
occurs for thicknesses within a range between only point-like diffraction and Kikuchi diffraction.
IV.1.1 Precision mechanical polishing using Multiprep

Precision mechanical polishing using the MultiprepTM introduced in the theory and background
section has been used for sample preparation to start with. By using diamond lapping films with
subsequently finer grain sizes samples which are topographically very smooth and electron
transparent can be produced.
In the following sections the involved polishing steps to prepare electron transparent samples are
described.
IV.1.1.1 Specimen cleaning

In all steps, including calibration, cleanliness is vital and contaminants such as cross
contamination with crystals from lapping films, dust or other organic materials must be kept at a
minimum. In order to achieve this sample preparation took place in a cleanroom to largest extent
possible.
For cleaning distilled water, acetone ((CH3)2CO) and isopropanol (C3H8O) are used. Acetone is
strongly polar and a good solvent for almost all organic compounds and is, therefore, effective
for cleaning purposes, but evaporates quickly often leaving traces of dissolved organic
contaminations. Isopropanol dissolves several non-polar compounds and removes oil traces.
Using isopropanol on surfaces cleaned with acetone removes dry residues left behind by acetone
and further cleans the sample. A typical cleaning process during polishing was to first apply
distilled water in order to remove debris, and then clean with acetone followed by isopropanol.
IV.1.1.2 Calibration

Before starting polishing a calibration of the MultiprepTM is recommended and is performed in
order for the rotating platen and sample holder to only show small variances in height of a few
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µm when rotating. How calibration is done is described in the manual for the MultiprepTM [28],
and is demonstrated on youtube.com [29]. After proper calibration samples can be polished.
IV.1.1.3 Polishing steps

The sample is attached to a pyrex (see Figure 4) which in turn is glued to a paddle. When the glue
has dried the paddle is mounted under the spindle so that the sample is placed directly over the
platen. For gluing hot mounting wax, Loctite 401 and Loctite 406 were used.
Starting with the coarsest lapping film (typically 9 µm diamond particles, with the initial grain size
depending on the sample thickness) the polishing is done with subsequently finer grains down to
0.1 µm. Distilled water is fed onto the platen for rougher lapping films and with lint free paper
debris is caught up not to damage the surface of the sample in subsequent rotations which
otherwise would generate severe damage to the surface [30]. Green lube was used for finer
lapping films, starting at a grain size of 1 µm. It is a lubricant which enhances the polishing
performance of diamond compounds, reduces friction and increases lifetime of the used lapping
films.
IV.1.1.4 Artefacts introduced by mechanical polishing

By mechanical polishing artefact such as defects and phase transformation (e.g. fcc-Co to hcpCo) can be introduced in the surface near region. The largest problem in this work is the
formation of amorphous layers with the thickness depending on the grain size of the lapping
film. A rule-of-thumb [30] is that the amorphous layer can be up to 2-3 times the grain size of the
film, depending on what material the sample consists of. Hence, with every subsequent lapping
film a thickness of three times the grain size of the former film is required to be polished away.
IV.1.1.5 Sample 1 - Plan mounting on pyrex

Before precision mechanical polishing using the MultiPrepTM, pieces with an initial thickness of
400 µm were cut out from TiN coated cutting inserts using a Buehler ISOMET® 5000 Linear
Precision Saw.
The first attempt to prepare a sample with electron transparent parts was by gluing a piece with
coating on its sides on top of the pyrex with hot wax. The initial thickness of the sample was 360
µm and no load was used for any films and progress was monitored by a front indicator on the
MultiPrepTM which roughly showed how much material had abraded.
For the polishing a diamond lapping film with a grain size of 9 µm was applied initially and
successively finer lapping films, i.e. 6 µm, 3 µm, 1 µm, 0.5 µm and 0.1 µm, were used for
polishing following the rule that for every subsequent lapping film at least three times the
thickness of the previous lapping film’s grain size was removed, i.e. for a 9 µm lapping film 27
µm was removed, for 6 µm lapping film 18 µm was removed and so on.
Normally, one would also use colloidal silica as a final polishing step but it would possibly react
with the cobalt in the substrate material of the sample. Since cobalt is a binder between WC
grains in the substrate material, it would probably lead to fracturing and breaking of the sample.
After polishing the first side the thickness was about 240 µm. The final result of the polishing
with 0.1 µm lapping film can be seen in light optical micrographs in Figure 8. Despite the careful
cleaning after each lapping film, the surface showed scratch marks and some contamination.
For the second side, a wedge was slowly introduced over some 60 µm polishing with a 9 µm
lapping film by tilting the sample holder by 3º and was done by adjusting a screw on the spindle.
Somewhere along the process the sample loosened and fell off. A small piece was found and
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although damaged and contaminated, one side had some coating on it. It was however not
realistic to continue polishing the sample and hence a new sample was prepared.

Figure 8. Both figures show the same sample. The thin yellow line is the TiN coating and is approximately 2 µm thick while the
light gray part is the WC-Co substrate. As can be seen from the images both some scratches on the substrate and damages to the
coating are present.

IV.1.1.6 Sample 2

The second sample was both thicker and varied in thickness between 480 and 620 µm due to the
thicker side being a ridge. This sample had coating on three sides, one with approximately 3 µm
coating and the other two with 2 µm. The fourth and last side had no coating and was the
thickest side.
Before initiating polishing with the MultiprepTM a 40 µm lapping film was used to even out the
thickness by holding the sample manually over a grinding plate until the sample became more
even. For polishing the first side a 9 µm lapping film was used initially and using all films down to
0.1 µm the sample was polished to a thickness of 150 µm. Few contaminations were present
except in one corner. In some areas, parts of the coating were torn off.

B

A

Figure 9. The sample after polishing. Rather than a continuous abrasion grains were torn off and the coating was not
thinner than 4-5 µm. In (a) the sample is shown in DF and (b) BF with the coating in the lower right.

For the second side the front pitch was tilted 2º in the front while the back pitch was tilted 2º to
the right. By this tilting, one of the corners was introduced against the lapping film, polishing two
sides with coating simultaneously, one wider than the other. It was important in which direction
the platen rotated. If the diamond film first hit the edge there was a high possibility that the film
would be scratched.
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Rather than a smooth and continuous polishing, parts of the substrate were torn off also
removing the coating. After using the 1 µm lapping film, the sample at the side of the wider
coating was around 5 µm thick when estimating with a light optical microscope and, therefore,
too thick to be electron transparent. The other side with the thinner coating had to a large extent
broken off during the polishing and it was unlikely that it would reach electron transparency.
Using 0.5 µm and 0.1 µm films did not change this fact, grains continued to break off and small
cracks were visible along the coating indicating a smallest thickness possible to reach before the
thinnest parts break off. The sample is shown with both DF and BF imaging in LOM in Figure 9.
IV.1.1.7 Cross section sample

In an attempt to avoid the cracks forming in the coating two pieces were cut off with Buehler
ISOMET® 5000 Linear Precision Saw and glued together with the coatings facing each other
using Allied High Tech two-step epoxy. The epoxy cures bubble-free in a few minutes at 150 ºC
after which it is insoluble in acetone and also withstands vacuum conditions. The sample was
then mounted onto the side of the pyrex using Loctite 401, as shown in Figure 10, with
dimensions of the sample marked. For the glue to cure properly it was placed overnight next to a
cup of water in order to increase humidity. If the humidity was not increased, the samples were
torn off during polishing regardless of curing time in low humidity. This was a reoccurring
problem which caused several attempts to fail early.
No load was used for any stage of the polishing and oscillation was used sparsely in order to
avoid shear forces due to the positioning of the sample. The settings for the first side polishing
are given by Table 1. The sample was oriented so that a side which was thicker faced the rotation
direction, else the risk for damages of the thin side were likely increased.

Figure 10. The two TiN coated WC-Co samples glued together (to the right in the picture) with a two-step epoxy
with TiN coatings facing each other after the two parts had been polished to equal size. The sample was positioned
on the side of the pyrex in order to achieve maximal stability while simultaneously giving a cross section of the
coating. The green labels show the dimensions of both pieces and both glued together.
Table 1. First side polishing.

Grain size
(µm)
3
1

Rotating speed
(rpm)
80
50

Lubricant
H2 O
Green Lube
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0.5
0.1

50
80

Green Lube
Green Lube

For second side polishing the sample was mounted on top of the pyrex and tilted by 3º. Initially
large damages were observed both to the front and back of the sample while finishing polishing
with a 1 µm grain size film. Polishing was however continued with both 0.5 µm and 0.1 µm films
at 30 rpm and no oscillations while frequently observing the polishing progress in a light optical
microscope. Polishing was stopped when it was observed that the two pieces with coating glued
against each other began to separate, although with no additional apparent damage to either
piece. Once placed in acetone, both samples loosened from the pyrex and from each other,
effectively giving two samples which might be suited for TEM. Both samples were mounted
under a LOM onto separate oval Molybdenum TEM grids (1x2 mm) from which one end of the
grid had been cut off using a scalpel in order to be able to use ion polishing to further thin the
samples if required.
Figure 11a shows a part of one of the two pieces examined (henceforth called piece 1) and a part
of the grid including where it had been cut off while Figure 11b shows how piece 1 is mounted
onto the grid. Figure 12a shows the edge of the sample in DF imaging and Figure 12b a BF
image in a LOM.

A

B

Figure 11. (a) The tip of the sample (lower middle) is mounted on a surrounding oval Molybdenum TEM grid. A
part of the grid had been cut off with a scalpel, as seen in (b), in order to enable ion thinning. The sample was glued
using Allied High Tech two-part epoxy onto the Molybdenum TEM grid. A part of the sample was sticking out over
the grid and was later removed using a scalpel under a LOM.

A

B
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Figure 12. (a) Shows the tip of the sample in DF imaging while (b) shows a BF image, both taken with a LOM. On
both pictures the TiN coating can be seen on the right side of the sample.

After having mounted each of the two pieces on a grid, the grid was in turn mounted onto a
holder for the PIPS. Piece 1 was polished in three turns with settings according to Table 2. Piece
2 was polished according to Table 3.
Table 2. PIPS specifications for piece 1.

Step

Modulation RPM

Leftgun
angle

1
2
3

Single
Single
Single

+6
+6
+4

3.5
3.5
3.5

Leftgun
current
(µA)
12
12
7

Rightgun
angle

Leftgun
current
(µA)
21
21
5

Rightgun
angle

-6
-6
-4

Rightgun
current
(µA)
10
10
7

keV

Time

4.0
4.0
2.5

15 min
15 min
10 min

Rightgun
current
(µA)
18
18
5

keV

Time

4.0
4.0
2.5

20 min
10 min
10 min

Table 3. PIPS specifications for piece 2.

Step

Modulation RPM

Leftgun
angle

1
2
3

Single
Single
Single

+4
+4
+4

3.5
3.5
3.5

-4
-4
-4

After precision ion polishing piece 2 was placed in the NanoMill model 1040. The filament
current was 200 µA and a tilt angle of ±8º was used. The sample was initially milled at an energy
of 1.2 keV for 2 hours and 0.9 keV for 1 hour, where each side was milled for half an hour
alternately. As the coating of piece 2 did not appear electron transparent when examined in the
SEM, it was placed back into the NanoMill for additional milling for 4 hours. During this
thinning step, the piece loosened from the Molybdenum grid. The sample was not damaged and
was fastened on a copper grid instead. The copper (Cu) grid did however bend due to the heating
of the grid during the following ion polishing. Due to the strong bending of the Cu grid, the
sample had an angle which made it impossible to further thin it in the NanoMill (tilt angles of
max. +/- 8 see Figure 13b) and milling was discontinued.

B

A

Figure 13. (a) The tip of the piece 2 in the SEM. The coating is the layer in the upper part of the picture and the bulk
WC-Co below which shows large grains. (b) After additional ion milling the sample showed a change in geometry
which indicates that the thinnest part of the tip was removed.
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After having used the NanoMill the sample was placed in the FIB/SEM for evaluation of the
thickness. It was performed using TKD, where a proper thickness of the coating would be
indicated by clear Kikuchi patterns and a straightforward indexing. There were however no
discernible patterns observed when analysing the coating indicating that it was too thick despite
that the nearby WC-Co bulk registered patterns with MAD-values (Mean Angular Deviation)
down to the order of 0.2 when using a voltage of 30 kV and current 1.6 nA. MAD essentially
describes the amount of discrepancy from a perfect signal. The tip is shown in Figure 13a.
The sample was then placed in the NanoMill and polished for 4 hours at 900 eV followed by 2
hours at 600 eV once more. As can be seen from Figure 13b the tip had a changed geometry after
polishing indicating that a large area had been milled off or may be broken off. This was also
indicated by the indexed TKD patterns which showed neither clear indexing nor consistent signal
for crystal structure. The only other option, i.e. that the sample was too thick hangs on the fact
that the voltage used was 20 kV unlike earlier when 30 kV was used but then, why was no signal
observed anywhere? If the sample’s crystalline structure was unaffected during thinning, some
indexing should be observed along the edges.
Piece 1 which was still mounted on a Molybdenum grid was also ion milled, but the tip broke off
during mounting on the TKD holder as observed in the SEM, see Figure 14. The sample was
therefore too thick for TKD unless thinning was performed again.

A

B

Figure 14. (a) The tip of piece 1 appears rugged and is most likely due to being damaged when mounting the grid
onto the TKD holder. (b) The sample seen from the side at a 45º angle, showing clear indications of breakage. The
thickness of the coating is approximately 2 µm.

IV.1.2 In-situ lift-out in the Dual Beam system

For the in-situ lift out in the DualBeam, the sample was mounted orthogonally to the incident
electron beam. A primary layer of 400 nm platinum (Pt) was deposited with electrons, using an
acceleration voltage of 2 kV and current of 1.6 nA to protect the sample surface from the ions
during the subsequent ion beam platinum deposition. The settings for ion deposition of platinum
were 30 kV and 0.43 nA with the sample holder tilted 52º towards the ion gun and a protective Pt
layer of 2 µm was deposited. Figure 15 shows the initial electron deposited Pt and the subsequent
ion deposited Pt layer. The protective Pt layer had an area of 30 µm by 2 µm.
After the protective Pt layer was deposited two trenches were cut out to a depth of 8 µm
(calibrated for silicon) with the ion gun operating at an acceleration voltage of 30 kV and an ion
current of 47 nA. The first milling step is called bulk milling and the result is shown in Figure 16.
Due to the high current, the ion beam is broad resulting in a rough and damaged surface of the
lamella. The resulting lamella surfaces were polished and by that the lamella was thinned by
milling with lower currents of 9.7 nA and 2.5 nA aiming for a lamella thickness of around 1 µm,
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see Figure 16. To the right in Figure 16b the MultiGIS can be seen which is used for chemically
enhanced ion milling or Pt deposition.

A

B

Figure 15. (a) A primary 400 nm thick layer of platinum deposited with the electron beam. It protects the surface
from amorphisation when depositing platinum with the ion beam. (b) 2 µm platinum deposited with the ion beam in
order to protect the sample from ions during lift-out and preparation of the lamella.

A

B

Figure 16. (a) Trenches cut out on both sides using bulk milling, (b) lamella after milling at 9.7 nA, polishing and
thinning of the sample has been performed. The figure also shows the Multi GIS to the right which is used for
chemically enhanced milling processes and Pt deposition.

For the final lift out, the sample was tilted back to 0°, i.e. towards the electron beam, so that the
cross section of the lamella can be imaged with the ion beam. A U-shaped pattern was drawn to
cut out the lamella, leaving only a small piece on the right side holding the lamella in place. As
can be seen in Figure 17b ions have penetrated from the upper part of the picture into the lower
trench, indicating that the lamella has been cut out. A small piece on the right side holding the
lamella is removed first when the sample is fastened to a micromanipulator. The
micromanipulator is fastened to the lamella by moving it close to the left edge and depositing Pt
onto both the micromanipulator and lamella as seen in Figure 18.
Once the sample had been lifted out it was placed onto an Omniprobe grid, fastened with Pt and
the micromanipulator was cut off using an ion current of 2.5 nA, see Figure 19. In Figure 20
when the micromanipulator had been removed a part of the lamella to the right was thinned
down using the Ga ions. The thinning is performed in several steps in order to minimize the
amorphised layer at the surface. During the thinning process, TKD patterns at several thicknesses
were recorded in order to observe the quality as a function of lamella thickness. For thinning a
cleaning cross section (CCS) was drawn which FIB was to be performed at an angle of ±1.5º
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relative to the ion beam at an acceleration voltage of 30 kV. The CCS evenly distributes electrons
over the chosen area. The induced amorphised layer is approximately 20 nm on Si using the
suggested settings for the FIB/SEM. In order to decrease the thickness of the amorphous layer,
ion polishing using an acceleration voltage of 5 kV at a current of 72 pA was performed which
should decrease the thickness of the amorphous layer to a few nanometers. To completely
remove the amorphous layer, it is possible to perform a final polishing with 2 kV followed by
using NanoMill with a Ar ion energy in the range of 500-900 eV.

A

B

Figure 17. (a) lamella after polishing with an ion current of 2.5 nA before and (b) after the cut leaving only a small
bridge holding the sample in place.

A

B

Figure 18. The micromanipulator is positioned close to the sample (a) and fastened to the sample using Pt in (b).

B

A

Figure 19.After the sample has fastened to the micromanipulator and cut loose it is moved to a TEM grid (a). (b)
The sample is fastened on the TEM grid using platinum and the micromanipulator is cut loose.
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Figure 20.The sample is tilted (a) and is milled (b) on both sides as seen from the ion gun.

In Figure 21 the sample is seen tilted showing the layers with platinum, the coating and the
substrate.

Figure 21. The sample when thinned from both sides and tilted as seen from the electron detector.

32

IV.2 Optimization of TKD data acquisition
Transmission Kikuchi Diffraction has been performed on samples prepared by MultiprepTM and
in situ lift-out in the FIB/SEM. Samples prepared with MultiprepTM showed no conclusive
indexing and samples thin enough were not achieved.
TKD performed on FIB/SEM prepared samples was successfully performed on both TiN and
Ti33Al67N coatings with indexing in the range of 70-90 % depending on settings.
A summary is first given with parameters with optimal settings or settings which gave good
results. Also a summary of all the runs with microscope settings and obtained indexing is given
followed by the runs divided into the two separate coatings; TiN and Ti33Al67N. Finally some
parameters for data processing are optimized for.
IV.2.1 Sample preparation method

Sample preparation showed that FIB was an efficient way to achieve samples which could be
used for TKD in comparison to MultiprepTM. While mechanical polishing included difficulties
such as a non-continuous abrasion and difficulties with handling and estimating the quality of the
sample FIB avoids all those problems. It may still be possible to produce coatings which are
electron transparent using MultiprepTM but all the issues associated with the sample preparation
may prove to be cumbersome.
From the analysis on the TiN coating a sample thickness of 300 nm or thicker gave bad results
with low indexing while a thickness of 130 nm gave a high indexing. It is not clear for which
exact thickness TKD is possible to perform successfully but it is clear that it is in the magnitude
of 100 nm and definitely below 300 nm.
When preparing a sample different final polishing techniques may be used to further improve the
topography of the sample and reduce amorphisation to a minimum. However, from the
performed analysis it was clear that only a final polishing of 5 keV with ions was necessary to
produce samples with high indexing. While additional polishing may possibly produce slightly
better maps, both the time required for the procedures involved and the possibility of not
handling the sample correctly, should be taken into account before performing a final polishing.
Plasma cleaning however proved to be of importance as electron beam contamination would
highly reduce indexing after some time for which plasma cleaning effectively removed all
contamination.
Table 4. Optimal settings for the sample preparation.

Sample thickness
Final polishing
Surface cleaning with low keV Ar-ions
Plasma cleaning
Prepared with MultiprepTM or FIB

<300 nm
5 kV cleaning in SEM
No (indexing up to almost 90 % achieved
without)
Yes, in order to remove electron beam
contamination and prior to insertion in SEM
FIB (MultiprepTM may be viable)

IV.2.2 Microscope conditions
Table 5. Optimal settings for the microscope.

Coating
Tilt
Acceleration voltage

TiN
At least -15º to -20º
25-30 kV, depending on
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Ti33Al67N
At least -15º to -20º
20 kV, depending on

Beam current
Dwell time
Working distance
Position of EBSD detector
Step size

thickness
13 nA
<100 ms
3 mm
Fully inserted (sample above
top of EBSD detector)
30 nm followed by 10 nm

thickness
13 nA (or 120 µm aperture)
<100 ms
2-3 mm
Fully inserted (sample above
top of EBSD detector)
30 nm followed by 10 nm

IV.2.3 Data processing
Table 6. Optimal settings for the data processing.

Hough resolution
Number of bands
Number of reflectors
Refined solution
Noise reduction algorithm
Selection of structure

TiN
80
11
90
Yes
Removal of wild spikes and a
single extrapolation with 5
neighbours
Large maps needed in order to
collect statistics (large step
sizes, 10-30 nm) and details
for areas difficult to
index/complex structure
(small step sizes, <5 nm).
Maps along the whole growth
direction of coating
preferential.

Ti33Al67N
100
11
100
Yes
Removal of wild spikes and a
single extrapolation with 5
neighbours
Large maps needed in order to
collect statistics (large step
sizes, 10-30 nm) and details
for areas difficult to
index/complex structure
(small step sizes, <5 nm).
Maps along the whole growth
direction of coating
preferential.

A high hit rate is not only achieved by optimal sample preparation, microscope settings and
acquisition parameters, but also strongly depending on the grain size and crystal quality of the
examined sample, with regions with large grains giving higher hit rates compared to regions with
small grains and regions with overlapping grains. In this respect, the way to properly compare
two maps must be based on analysis of the same area while taking into account such things as
drift or contamination, either by minimizing such effects or estimating their effect on the pattern
quality and hit rate.
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IV.2.4 Specimen thickness optimization

Specimen thickness optimization for TKD was performed on the TiN specimen. Starting from a
thickness of 800 nm the sample was successively thinned down to a final thickness of 130 nm.
The software used could not create maps for negative tilts which made it impossible to create
TKD maps. Single points could however be analysed and in some cases Kikuchi patterns could
be solved. By updating the software or entering a tilt with the sign changed maps could be
produced.
IV.2.4.1 800 nm thick

For 800 nm thick samples relatively few Kikuchi patterns were present and even fewer could be
indexed. For the indexed points the MAD values were high, generally above 1, and had a large
amount of noise.

Figure 22. Two Kikuchi patterns observed in a 800 nm thick TiN coating. The produced Kikuchi patterns were few
and those observed had a large amount of noise present.

The lamella with the TiN coating was thinned using a Ga ion beam at 30 kV and a current of 80
pA and the lamella surface was cleaned using low-kV Ga ions (5 kV) with a current of 68 pA in
between the thickness studies.
IV.2.4.2 500 nm thick

For a 500 nm thick lamella the patterns became more clearly visible, but the hit rate (percentage
of pixels with indexed patterns of the total number of pixels) was still too low to be of use. As
can be seen from Figure 23 the signal to noise ratio has increased with several more bands visible
in comparison to Figure 22.

Figure 23. Observed Kikuchi patterns for some points with a 500 nm thick TiN coating. Compared to thicker
samples the signal to noise ratio was better.
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IV.2.4.3 400 nm thick

Figure 24 shows two analyses of the same area in the lamella where in (a) the lamella was not
tilted while in (b) it was tilted to -15º. The upper pictures are without refined solution (a, b) while
the lower are with refined solution (c, d). The sample in the pictures was approximately 400 nm
thick and the electron beam had an energy of 30 kV, a beam current of 6.4 nA and a step size of
5 nm was used. As can be seen the indexing in (b) is higher than in (a) and also for the refined
solutions areas with a complex structure are visible to a higher degree in (d) than in (c). It can be
concluded that a tilt of the lamella to -15° improved the hit rate. (28)
The large crystal seen in the pictures was the only crystal which gave a relatively high indexing.
Although the results had improved compared to 500 nm thickness the indexing was poor
indicating on a too thick sample. The background is a band contrast image, which reflects the
variations in the quality of the Kikuchi pattern (pattern quality map) and where a brighter pixel
marks a higher signal to noise ratio. Clearly there are areas where Kikuchi patterns have been
observed but not indexed. As a consequence, the lamella was thinned further to 300 nm with the
FIB using the same settings as earlier.

A

B

C

D
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Figure 24. The images are labelled from left to right and top to bottom. Sample tilted at 0º (a) compared to sample
tilted to -15º (b) and respective refined solutions (c, d). The step size was 5 nm. The background shows the band
contrast of the sample.

IV.2.4.4 300 nm thick

After the additional thinning of the lamella down to 300 nm, the indexing did not improve
drastically and only few crystals could be distinguished, beside the large grain in Figure 24, as seen
in Figure 25. The map was acquired with a tilt of -20º, an acceleration voltage of 30 kV and
current of 1.6 nA. The tilt was somewhat changed compared to earlier to see if it would give any
noticeable difference and likewise for the current. The current was however later noticed to be
too low in order to produce a strong signal. The large crystal in the upper part of the picture is
the same crystal seen in Figure 24 and the image shows the results from a map taken from almost
the top of the coating down to the bottom. It shall be mentioned that PVD coatings often show
competitive growth with nm-sized grains nucleating on the substrate of which a few grow larger
growing over other smaller grains. This can partly explain the difficulties in indexing grains in the
lower part of the coating, i.e. close to the substrate. The different colours represent crystal
orientations except for the cyan background colour which represents non-indexed pixels.
IV.2.4.5 130 nm thick

For a lamella thickness of 130 nm, good quality TKD patterns
were achieved with sufficient signal to noise ratio resulting in
much improved hit rate compared to the thicker lamella. A map
was acquired using tilt of -25º, an acceleration voltage of 30 kV, a
current of 13 nA and a step size of 30 nm with the dwell time of
70 ms (at a 2x2 binning). The high current as compared to earlier
was needed to obtain a strong signal. For thinner samples it was
noticed that a higher current was necessary compared to thicker
samples.

Figure 25. The map is from the
top of the coating down to the
bottom which is attached to the
substrate. The sample was tilted 20º and the acceleration voltage
was 30 kV and current 1.6 nA.

Figure 26a shows the band contrast image and unlike thicker
samples it has a more distinct contrast and corresponds well to
the actual crystal distribution. The lower left and lower right FSD
detectors mounted on the bottom corners of the EBSD detector
give a somewhat diffuse image (b) but it does show on the
columnar growth for the coating and to some degree the crystal
structure.

The indexed crystals are shown in Figure 26c with an indexing of
87 % and their orientations marked with different colours with
distributions shown by the inverse pole figures in (d). The
inverse pole figures show a preferred orientation primarily in the
(111) direction in the Y-axis and a secondary preferred orientation in (101) in Z-axis.
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Figure 26. Microscope settings: Tilt: -25º. Working distance: 4 mm. Acceleration voltage: 30 kV. Current/Dwell time:
13 nA/70 ms. Step size: 30 nm. The images are labelled from left to right and top to bottom. In (a) the band contrast is shown
and in (b) the FSD image which both can be compared to the indexed crystals in (c). In (d) the inverse pole figures show the
preferred crystal orientations with red marking a high intensity and blue a low intensity.

The coordinate system was oriented in such a way that the z-axis was given by the normal of the
surface.
The width of the crystals is determined by a linear intercept; adding horizontal lines measuring
the width of every crystal they cross. The statistics converge towards a value given by a minimum
of 15 lines and a grain boundary defined by an angle >5º giving a normal distribution of the
crystals according to a normal distribution X~N(120,68) nm.
IV.2.5 Tilt angle

As stated above for the 130 nm sample a tilt angle of -25 and a step size of 30 nm, the hit rate
was 87%. In a second map acquisition the step size was changed to 10 nm and the lamella was
tilted to -30º at the same time the acceleration voltage was lowered to 25 kV as it was seen that
the pattern quality increased by this. This indicates that the initial acceleration voltage of 30 kV
was indeed too high and that a somewhat lower gave better quality of the Kikuchi patterns. The
area of the map acquisition was about the same size as in the previous map acquisition. The map
gave an indexing of 79 %. Comparison of the two maps with indexed pixels indicates that the
decreased step size did not improve the resolution while the larger tilt resulted in few indexed
pixels at grain boundaries. The decreased acceleration voltage had no negative effect on the
indexing even at higher tilt of the lamella meaning that the distance travelled by the electrons in
the sample increased slightly.
Compared to Figure 26 with a step size of 30 nm the band contrast shows higher intensity with
more and sharper details in Figure 27. The PF orientation map reveals that areas with many,
small crystals, i.e. close to the substrate show in regions with indexed patterns. Especially close to
the substrate the crystals are very small whereas further up in the coating the grains grow into
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wider columns. The normal distribution of the linear intercepts of the crystals in this case was
X~N(79,62) nm, showing a smaller average grain size due to the chosen map area closer to the
substrate.
The difference in the distribution of the linear intercepts are clearly seen by comparing the
distribution functions as seen in Figure 28 showing an increase in smaller widths for the grains.
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Figure 27. Microscope settings: sample tilt: -30º, working distance: 4 mm, acceleration voltage: 30 kV current/dwell
time: 13 nA/50 ms, step size: 10 nm. In (a) the band contrast is shown and in (b) the FSD image which both can be
compared to the indexed crystals in (c). In (d) the inverse pole figures show the preferred crystal orientations with
red marking a high intensity and blue a low intensity.
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Figure 28. The distribution function for the width of crystal grains with a step size of 30 nm (a) compared to a step
size of 10 nm (b). The binning used for the distribution functions was 0.01 µm.

IV.2.6 Further acquisition parameter optimization

The lamella of the Ti33Al67N coating had four thinned areas with a slight variation of thickness in
comparison to each other, but all with thicknesses of slightly below 100 nm. The four areas are
numbered window 1-4 from thinnest (furthest out) to thickest (innermost). The windows are
shown in Figure 29.
The following part is divided into four parts, one for every window, including the TKD map
acquisitions performed on each window. A summary of all TKD map acquisitions, microscope
settings and obtained hit rate are shown in Table 7. In general, a first TKD map acquisition with
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a step size of 30 nm has been performed on every window in order to give statistics and reveal a
quantitative view of the microstructure as well as crystallinity of the coating in the windows. After
that parameters for the following TKD map acquisitions were chosen depending on the results
achieved. The subsequent acquisitions were performed choosing smaller map sizes with different
settings in order to study the effect of the changes in parameters on the hit rate.
Table 7. A summary of all runs with microscope conditions and acquired indexing (after noise reduction with
optimal settings). The runs are cross referenced to the figures in which the runs are presented.

Acceleration
voltage (kV)

Current
(nA) or
aperture

WD (mm)

Tilt (º)

Step size

Dwell time
(2x2)

Indexing
(%)

TiN
Figure 26

30

13

4

-25

30

70

87

Figure 27

25

13

4

-30

10

50

79

Figure 30

20

120 µm

5.3

-15

30

120

72

Figure 31

20

13

4.1

-20

10

120

70

Figure 32

20

120 µm

5.3

-15

30

120

72

Figure 33

20

13

4.1

-20

30

120

98.1

Figure 34

20

13

3

-30

10

120

71

Figure 35

20

13

4.1

-20

10

120

67

Figure 36

20

13

4.1

-20

5

120

71

Figure 37

20

120 µm

4

-15

30

120

76

Figure 38

20

13

3

-15

30

120

85

Figure 39

20

13

3

-15

20

120

84

Figure 42

20

120 µm

4

-15

5

120

30

Figure 43

30

6.4

4.1

-9

10

350

68

20

120 µm

4

-15

30

120

73

Ti33Al67N
Window 1

Window 2

Window 3

Window 4
Figure 44
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Figure 29. (a)-(c) show the SEM micrographs of windows 1-3, recorded with an in-lens electron detector with an acceleration
voltage of 5 kV and current 0.2 nA. (D) shows window 4 and is obtained with the FSD with the same settings. In additions the
areas for the TKD map acquisitions are indicated in each window.

IV.2.7 Window 1

A first map acquisition was performed with a step size of 30 nm in order to give a map over the
window to graphically show the crystal distribution and collect statistics, shown in Figure 30 with
(a) the band contrast image and (b) the IPF orientation map with zero solutions coloured in cyan.
As seen from both the band contrast and the IPF orientation map the grain size distribution is
inhomogeneous with some areas consisting of large, columnar crystals while other areas (e.g. area
to the left) has several, smaller crystals indicating a locally different grain size distribution.
A second TKD map was acquired in an area in the upper left corner of Figure 30, the yellow
rectangle in Figure 30a, using a step size of 10 nm instead of 30 nm to investigate if the hit rate
could be improved in this area increasing the resolution. However, at the same time the tilt was
increased from -15 to -20 which decreases the resolution but may give a higher indexing. The
idea was to acquire a somewhat higher indexing for crystals close to, but larger, than the
resolution limit. The band contrast and IFP orientation map are depicted in Figure 31. The band
contrast as well as the IPF orientation map indicate clearly that the regions with a high percentage
of zero solutions, the microstructure consists of smaller grains and the smaller step size of 10 nm
actually increased the hit rate slightly, in the region with a large number of small grains.
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Figure 30. The IPF orientation map shows on a diversity of grains with several hundreds of nm in width down to
below 50. Especially the middle of the band contrast map shows on many, small grains. Microscope settings: Tilt: 15º. Working distance: 5.3 mm. Acceleration voltage: 20 kV. Aperture/Dwell time: 120 µm/120 ms. Step size: 30 nm
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Figure 31. Microscope settings: Tilt: -20º. Working distance: 4.1 mm. Acceleration voltage: 20 kV. Current/Dwell
time: 13 nA/120 ms. Step size: 10 nm. The coating is not homogenous and some parts have very different grain size
distribution with regions consisting of grains of around 200 nm or more in width whereas in other regions grain
width is below 50 nm.

IV.2.8 Window 2

In Figure 32, the band contrast and IPF orientation map of window 2 acquired with the same
settings as Figure 30 is shown. The maps in Figure 32 also include the interface between the
coating and the WC/Co substrate as well as a part of the substrate. The black spot to the right is
due to contamination occurring in one of the SEMs used. In the coating close to the interface a
relatively high hit rate was achieved even though a large number of grains of about 100 nm in size
were present which is just about the resolution of the maps with a step size of 30 nm. The high
percentage of zero solutions in some areas might be explained by the presence of a large fraction
of grains with a size similar to the step size. This increases the probability of collecting the signal
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of grain boundaries which will not be solvable either due to insufficient signal or overlapping
Kikuchi patterns. This can be partly confirmed when comparing the intensity seen in the band
contrast map.

Figure 32. Microscope settings: Tilt: -15º. Working distance: 5.3 mm. Acceleration voltage: 20 kV. Aperture/dwell
time: 120 µm/120 ms. Step size: 30 nm.

The hit rate is very dependent on the area examined and while larger grains in the size of around
100 nm give a very high hit rate, areas with smaller crystals are difficult and generate zero
solutions to a higher degree (see Figure 32) even for small step sizes. In Figure 33 it can be seen
that practically every pixel could be solved when using a smaller working distance (WD), but
increasing the tilt angle to -20°. In Figure 34 a wider area is chosen and Kikuchi patterns were
acquired at a shorter WD of 3 mm while increasing the tilt to -30°. When comparing the two IPF
orientation maps covering the same are consisting of larger and smaller grains, it is obvious that
the hit rate for regions with mainly small grains has improved. Also the zero solutions along grain
boundaries did decrease, indicating that the resolution was sufficient even though the tilt angle
was increased.
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Figure 33. Microscope settings: Tilt: -20º. Working distance: 4.1 mm. Acceleration voltage: 20 kV. Current/Dwell
time: 13 nA/120 ms. Step size: 30 nm .

Another TKD map was acquired in the area located about in the centre in Figure 34 (the yellow
rectangle marks the area), using a smaller tilt angle of -20°, displayed in Figure 35 and 36. The aim
with these maps was to investigate if the increased pixel resolution would increase the hit rate.
Comparing the results for the IPF orientation maps both were acquired with a step size of 10 nm
of the same area and it is clearly seen that the hit rate in Figure 36 is lower in the area consisting
of small grains, which equals roughly the area covered by the submap seen in Figure 36,
compared to the IPF orientation map displayed in Figure 34. This might be explained by the
smaller tilt angle in that way that most of the electrons pass through the sample without forming
Kikuchi pattern due to the high electron energy or the too long mean free path, but it may also
be due to the larger WD.
The submap in Figure 36, however, illustrates that the obtained hit rate for a step size of 5 nm is
improved compared to the hit rate achieved with 10 nm step size. This result is difficult to
understand as a smaller step size of 5 nm should not affect the hit rate if the above explanation
with the tilt affecting the hit rate to a high degree is valid. Another explanation might be that the
contamination build-up during the scan for the map in Figure 36 helped to scatter the electrons
such that the quality of the Kikuchi pattern improved resulting in a higher hit rate. The band
contrast (pattern quality) maps in Figure 35, however, do not show significant differences in
signal or detail. In conclusion, the difference in the settings is both the higher tilt and the lower
working distance which points at that either the tilt, the working distance, or both improves the
hit rate but that the working distance seems to have the largest impact.
Still, there are regions which have zero solutions and small “islands” of pixels with different
orientations compared to nearby grains indicating a nanocrystalline microstructure with grains
possibly with sizes around 10 nm.

Figure 34. Microscope settings: Tilt: -30º. Working distance: 3 mm. Acceleration voltage: 20 kV. Current/Dwell time:

13 nA/120 ms. Step size: 10 nm.
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Figure 35. Microscope settings: Tilt: -20º. Working distance: 4.1 mm. Acceleration voltage: 20 kV. Current: 13 nA.
Step size: 10 (larger map) and 5 nm (submap).

Figure 36. Microscope settings: Tilt: -20º. Working distance: 4.1 mm. Acceleration voltage: 20 kV. Current: 13 nA.
Step size: 10 (larger map) and 5 nm (submap).

IV.2.9 Windows 3

From the analysis performed on window 1 and 2, several questions arise regarding the effect of
WD and tilt on the achievable hit rate. The analysis performed on window 3 focused to shed light
on those questions, on how certain parameters affected the pattern quality and, therefore, the hit
rate. With that in mind Figures 37 and 38 show band contrast and IPF orientation maps of the
same area, acquired at different working distances (WDs) with plasma cleaning performed before
the second map was acquired, isolating the difference in quality of the maps depending only on
working distance. The data was collected over roughly the same area although the former goes all
the way down to the substrate while the latter covers the platinum to a slightly larger extent.
When comparing the two IPF maps, even though they have slightly different areas of analysis, it
is seen that using a working distance of 3 mm gives a better hit rate than 4 mm. This can for
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example be seen by comparing the upper left of both maps where the shorter WD gives a higher
hit rate for smaller grains.

Figure 37. Microscope settings: Tilt: -15º. Working distance: 4 mm. Acceleration voltage: 20 kV. Aperture: 120 µm.
Step size: 30 nm.

Figure 38. Microscope settings: Tilt: -15º. Working distance: 3 mm. Acceleration voltage: 20 kV. Current: 13 nA. Step
size: 30 nm.

In order to determine an optimal working distance TKD maps were acquired from the same area
varying the WD. The band contrast and IPF orientation map of the initial run at a WD of 3 mm
is shown in Figure 39 whereas the IPF orientation maps at the other WDs are summarized in
Figure 40. By keeping all parameters fixed except the working distance the hit rate only depends
on the working distance and electron beam contamination.
The amount of electron beam contamination depends on the dwell time and not on the working
distance, which means the effect due to contamination is linear. By comparing the hit rate of the
subsequently acquired TKD maps, an estimation of the loss of indexing due to contamination
may be performed.
The settings used were an acceleration voltage of 20 kV, a current of 13 nA, -15º tilt, a dwell time
of 120 ms (with 2x2 binning) and a step size of 20 nm. The dwell time was chosen such that a
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good signal without any overexposing was achieved for all map acquisitions. The map
acquisitions at different working distances and their respective hit rate are summarized in Table 8
while the respective IPF orientation maps are shown in Figure 39 (initial run) and Figure 40.
Since both map 1 and 4 uses the same settings the difference in hit rate is only due to
contamination and since contamination is only due to the dwell time, the average contamination
can be estimated. By comparing the decrease in hit rate it is possible to conclude that a working
distance of around 2-3 mm is optimal and that 4 mm is too large.
Table 8. Influence of working distance and contamination on indexing.

Run
1
2
3
4
5

Working
distance (mm)
3
2
4
3
5

Indexing (%)
84
80
68
63
44

Figure 39. Microscope settings: Tilt: -15º. Working distance: 3 mm. Acceleration voltage: 20 kV. Current: 13 nA. Step
size: 20 nm. Initial run on area of interest in order to examine the influence of working distance and contamination
on indexing.

A

C

B

D

Figure 40. Microscope settings: Tilt: -15º. Working distance: varying. Acceleration voltage: 20 kV. Current: 13 nA.
Step size: 20 nm. The subsequent runs (with working distances 2, 3, 4 and 5 mm) from left to right. Electron beam
contamination gives lower indexing for every run but is possible to take into account by comparing maps with same
settings. As before a smaller submap was created in order to analyse the crystal orientation for
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small step sizes as shown in Figure 41(band contrast map) and Figure 42. From the band contrast
map the crystals show on a columnar growth but especially the structure with narrow crystals
with widths below 30 nm is of interest. These are not crystals which are possible to index reliably
for larger step sizes as a large portion of the crystals show on widths below 30 nm.

Figure 41. Microscope settings: Tilt: -15º. Working distance: 4 mm. Acceleration voltage: 20 kV. Aperture 120 µm.

Step size: 5 nm. Band contrast map with analysed area shown by the yellow rectangle and corresponding band
contrast map of the smaller area.

Figure 42. Microscope settings: Tilt: -15º. Working distance: 4 mm. Acceleration voltage: 20 kV. Aperture 120 µm.
Step size: 5 nm. Obtained TKD map showing on the small, columnar crystals and the difficulty with indexing them.

Too small sample tilt resulted in significantly lower hit rate when compared to the IPF
orientation maps with tilts of -15º or higher as seen by comparing such runs (e.g. Figure 39 or see
Table 7) with Figure 43 using a tilt of -9º. The lower current was compensated by a much longer
dwell time of 350 ms and to achieve reasonable signal to noise in the Kikuchi patterns.
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Figure 43. Microscope settings: Tilt: -9º. Working distance: 4.1 mm. Acceleration voltage: 30 kV. Current: 6.4 nA.
Step size: 10 nm.

IV.2.10 Window 4

On window 4 a single TKD map was acquired using a step size of 30 nm in order to collect
statistics on the effect of the lamella thickness. The hit rate was similar to the hit rate in TKD
maps acquired on the other windows. From that, it can be concluded that the thickness has a
minor effect on the hit rate, at least for thickness around 100 nm but that other parameters such
as tilt and working distance are of larger importance in order to collect proper TKD maps with
high hit rate allowing to extract grain size.

Figure 44. -15 deg tilt, 20 kV, 120 um aperture 30 nm step size. WD 4 mm.
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IV.3 Data processing
IV.3.1 Bands and reflectors

Bands and reflectors were optimised separately for both TiN and Ti33Al67N coatings. The
numbers of bands and reflectors were optimized by changing the number of bands between 8
and 12 and the number of reflectors between 60 and 140, as shown in Table 9. Analysis was
performed in the area of window 1 as seen in Figure 45 for the Ti33Al67N coating and for TiN on
the area shown in Figure 46.
The simulation which gave the highest indexing was for 11 bands and 80 reflectors for the
Ti33Al67N coating and 11 bands and 90 reflectors for the TiN coating as shown by Table 9 and
Table 10 respectively.

B

A

Figure 45. The picture shows an FSD image on window 1 with the area of analysis and optimization shown in yellow
(a) and (b) the resulting TKD map for the best relation between the number of bands and reflectors.
Table 9. Optimization of reflectors and bands for Ti33Al67N. The simulation with highest indexing used 11 bands and
80 reflectors.

Ti33Al67N
Bands (row) versus
reflectors (column).
Zero solutions (%)
60
80
100
120
130
150

8

9

10

11

12

59.83
55.70
49.03
42.37
49.69
77.58

52.82
47.26
43.54
39.51
41.57
84.45

46.40
39.29
40.54
35.71
45.85
89.16

40.74
34.56
37.01
37.86
52.99
-

56.95
53.76
52.23
50.96
-
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Figure 46. The picture shows an FSD image on the area used for analysis and optimization (a) while (b) shows a map obtained
over the crystal structure in that area.

Table 10. Optimization of reflectors and bands for TiN. The simulation with highest indexing used 11 bands and 90
reflectors.

TiN
Bands (row) versus
reflectors (column.
Zero sol. (%)
60
80
90
100
120
130

8

9

10

11

12

37.02

27.86
29.91

28.85
24.68
21.84
26.14
24.49
34.64

23.46
20.09
18.85
22.73
25.84
39.36

36.92
35.67
33.18
35.34
35.15
-

IV.3.2 Hough resolution

The analysis of the optimal Hough resolution was performed with the optimal settings for bands
and reflectors, in other words with 80 for Ti33Al67N and 90 reflectors and 11 bands for TiN
respectively. In general the choice of Hough resolution should rely on observing the Hough
picture (the bands transformed into Hough space) for several Kikuchi patterns. From the
information obtained one can draw conclusions on the quality of the patterns and set a specific
optimal resolution. With a too low Hough resolution the software has difficulties with solving the
Kikuchi pattern and assign the correct phase while a too high resolution may result in false bands.
The Hough resolution was analysed by iterating over various resolutions and observing how well
indexing was performed.
From the optimization of the Hough resolution it was concluded that a resolution of 90 for TiN
and 100 for Ti33Al67N gave best results. Lower values gave a higher amount of wrong phases and
in order to avoid that a somewhat higher resolution had to be chosen. Higher values did not
account for any new bands.
Table 11. Non indexed pixels as a function of the Hough resolution for TiN sample with 30 nm and 10 nm step
sizes. Too low resolution may missindexed phases while a too high resolution may detect false bands.

Hough resolution

TiN (30 nm step size)

TiN (10 nm step size)

40

27.15

27.81

51

60

19.04

26.36

80

21.53

26.13

100

21.36

27.16

120

22.94

27.74

140

23.46

28.73

160

25.46

29.90

Table 12. Non indexed pixels as a function of the Hough resolution for Ti33Al67N sample with and without refined
solution. Too low resolution may missindex phases while a too high resolution may detect false bands.

Hough resolution

Ti33Al67N (10 nm step size)

Ti33Al67N (with refined solution)

40

31.32

30.43

60

31.65

31.01

80

32.31

31.60

100

33.40

32.86

120

35.96

36.03

140

35.72

35.39
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V. Discussion
In this work, it was shown that TKD can give a high hit rate for PVD coatings with high defect
densities, broad grain size distributions and grains in the nanometre range enabling to access
grain size distribution on reasonably large areas for coatings which previously has proven to be
difficult to analyse using EBSD due to its resolution limit [14].
The downside of TKD as compared to EBSD is the smaller area which can be prepared and
measured at once. Another disadvantage is the resolution required, i.e. small step size and long
dwell times for a single map resulting in very long acquisition times. Rather, the possibility to
measure reliably the grain size distribution over large areas of nanocrystalline coatings is the
strength of the method which is otherwise impossible with other common techniques such as
XRD and TEM.

V.1 How to perform TKD data acquisition
This part briefly covers how TKD should be performed on a non-specified material based on the
results. Starting with the specimen, it must be prepared and fulfil two criteria; a smooth
topography and electron transparency. More specifically, the electrons transmitted have to carry
information about the grain structure which further imposes restrictions to the thickness of the
sample. The quality of the signal is determined by how strong it is and how strong the Kikuchi
diffraction signal is, both by examining single patterns and possibly also by a quick TKD map
acquisition.
When recording an initial TKD map one has to set some initial microscope settings either based
on earlier experience or the experience of others. In general the acceleration voltage has to be
high in order for electrons to be transmitted, the working distance to be small and the sample
tilted as it results in a high hit rate. Both the current and dwell time should then be optimized
together and not isolated from each other as both affect the recorded signal, which effectively is
an important parameter for optimized maps but largely depends on other settings. By iterating
the choice of parameters one by one it is then possible to optimize for a specific material. This
can to some degree be done by observing the signal to noise ratio and the quality of single
patterns, thus shortening the time it takes to choose the parameters optimally.
Finally the parameters for data acquisition and data processing have to be taken into account.
Here is the optimization of bands and reflectors combined of largest importance as they were
shown to drastically affect the hit rate based on if they were optimized together or not. The other
parameters were not as important, although using a refined solution gave a slightly higher hit rate,
despite optimization of bands and reflectors, of a few percent.

V.2 Sample and preparation methods
The discussion of parameters for sample and preparation methods mainly focuses on samples
prepared by in-situ lift-out technique in a DualBeam FIB/SEM as mechanically polished samples
could not be successfully prepared for TKD analysis. Due to the failure of the attempts new
strategies for mechanical sample preparation, to avoid the thin areas to break off when the
sample gets to electron transparency, is further mentioned under the section for future work.
Microscope conditions and data processing do not depend on the sample preparation methods as
long as the sample has been properly prepared, and are in other words general recommendations
independent to a large degree of the preparation method used.
V.2.1 Sample thickness

From the sample preparation of the lamella of the TiN coating produced in the FIB it showed
that a thickness of 300 nm (or thicker) gave a very poor hit rate and that no useful information
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about the microstructure could be drawn from the data. The final thinning with the FIB reduced
the thickness to 130 nm for the TiN sample for which a high hit rate was obtained, and similarly
for the lamella of the Ti33Al67N coating with a thickness <100 nm. From this, one can conclude
that a thickness below 300 nm is necessary although an exact value is difficult to specify as the
requirement for patterns, i.e. electron transparency, is dependent on the material and acceleration
voltage. Also, since for both FIB lamellas a high hit rate was achieved for a lamella thickness of
around 100 nm it is recommended to work with a similar thickness for TKD on similar materials.
V.2.2 Final polishing and cleaning

The final polishing step used for the lamellas was the use of 5 keV ion cleaning using the FIB
which reduces the amorphous surface layer to a few nanometres. As reasonable hit rates could be
achieved and since 2 keV cleaning to even further reduce the amorphous surface layer, did not
result in noticeable improved hit rates, it was concluded that the cleaning step at 5 keV was
sufficient and no further cleaning was performed. In addition, we did not see any reason to
perform further cleaning steps in the NanoMill to remove the damaged surface layer completely.
To conclude, the risks with handling the sample and the additional time required for low keV
cleaning makes it doubtful if the additional steps are worth taking.
One cleaning step, however, which is worth considering after having performed some TKD
analyses on an area is plasma cleaning. The electron beam contaminates the surface, lowering the
hit rate as it was apparent when optimizing the working distance.

V.3 Microscope conditions
V.3.1 Sample tilt

Sample tilt has a large influence on pattern quality and, therefore, the hit rate. No tilt or too small
tilt angles give a lower hit rate effectively giving less statistics. This is valid both for the TiN
coating, as seen in Figure 24, which compares no tilt with a -15º, tilt and the Ti33Al67N coating, as
seen in Figure 43 which shows a low hit rate for -9º tilt. For tilts larger (more negative) or equal
to -15º no decisive difference was observed, although a decrease in dwell time and a lowering of
the acceleration voltage was possible when increasing the tilt angle, as seen when comparing
Figure 26 and Figure 27. In this respect, using higher tilt angles may lower the dwell time which
has an impact on the overall analysis time, but most important is to use tilt angles of at least -15º.
V.3.2 Electron energy

The electron energy has an impact on which thicknesses of the sample that are electron
transparent with higher energies enabling the electrons to penetrate deeper. Too high energies do
however decrease the probability of the electrons scattering in the two step process known as the
Kikuchi diffraction scattering process, and so there is an optimal energy. The simplest way to
determine it roughly was to set some initial acceleration voltage (such as 30 kV) and examine
single patterns from the sample. From this, it was noticed that for the Ti33Al67N sample voltages
below 20 kV gave worse patterns in comparison while for the TiN sample voltages between 25
and 30 kV was needed. This is what was expected to some degree as the TiN sample was thicker.
V.3.3 Electron current and dwell time

The dwell time and electron current are two parameters which affect each other with higher
currents and a higher dwell time giving a better signal-to-noise ratio. It is difficult to set definite
values for the two parameters beforehand as the accumulated signal is not only difficult to
determine but also because equally valid signals can be obtained for different settings. An
additional criterion added was the requirement for fastest analysis possible which in terms of the
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parameters means shortest dwell time possible and highest current possible, given that no beam
damages are induced in the sample or charging of the sample limits the current.
For thin lamellas with a thickness in the magnitude of 100 nm a current of 13 nA was used and a
dwell time of about 100 ms. Since the lamella was thin the possibility of the electrons to interact
with the material is lowered compared to thicker lamellas, i.e. a higher current was needed to
achieve a reasonably low dwell time.
V.3.4 Working distance and position of EBSD detector

The working distance was explicitly examined for distances between 2 to 5 mm for the lamella
with the Ti33Al67N coating as shown in Figure 39 and Figure 40. From this, it was concluded that
lower working distances were superior with a 3 mm working distance showing the highest hit rate
after electron beam contamination had been taken into account. It is not necessarily possible to
use such short working distances, for example when a backscattering detector is mounted below
the pole piece, but the smaller the working distance is, the better the hit rate. Also, on a side note
it was of importance that the sample was positioned above the top of the EBSD detector, if no
shadowing effects were to occur, as it was observed when only a window had been thinned and
the surrounding regions were much thicker.
For the EBSD detector position, it was noticed that not fully inserting it, i.e. not as close to the
sample as possible, lowered the signal strength. To not being forced to increase the dwell time,
the detector was always placed fully inserted.
V.3.5 Step size

Step size has a large impact on analysis time with halving of the step sizes resulting in a four
times longer analysis time of the same area. So, it is important to use just the step size required to
get a reasonable resolution allowing getting a clear analysis of the microstructure.

V.4 Data processing
V.4.1 Hough resolution

The Hough resolution is not of a major importance for indexing when over some minimum
value, as seen when optimizing in Table 11 and Table 12. The pattern quality did not change but
a higher resolution did give a slightly worse indexing. This is however not necessarily bad as a low
resolution may well give false information such as false phases for TKD patterns.
V.4.2 Number of bands and reflectors

The optimization of bands and reflectors showed to be very important with large differences
when they had not been optimized compared to when they had been, as seen by comparing the
different runs in Table 9 and Table 10. The optimization itself showed that the bands should be
set after the ones found, for example seen by studying the patterns in Hough space. For the
Ti33Al67N and TiN sample 11 bands were found for which optimal solutions were also found. A
higher number of bands than the ones found gave a much worse indexing while too few was
more forgiving, giving a somewhat lower indexing. The number of reflectors for an optimized
number of bands was given around 80-90.
Another factor which had to be taken into account during optimization was the area of analysis
for single registered patterns. If too small areas of a pattern was analysed it was more likely to
index wrong phases or register a pattern with a higher degree of misfit compared to a theoretical
pattern. An empirical way to find the highest possible indexing based on the area of analysis for
single patterns was to vary the area for some single pattern in the EBSD software and search for
which radius of the area the lowest MAD value was obtained given the highest number of bands
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found. Shadowing effects and edges affect the patterns and may be registered by the EBSD,
which has to be adjusted for when selecting the area of analysis.
V.4.3 Refined solution

Refined solution is a software option which enables an extra careful analysis of the patterns
obtained and has shown to give the highest possible indexing, although with the other data
parameters optimized only marginally. It is recommended to use in order to increase indexing
slightly after optimizing the other parameters, although how it works is not known.
V.4.4 Noise reduction algorithm

Using a noise reduction algorithm is something which is important to handle carefully as the
altering of the data is not based on any of the patterns or any other physical properties of the
TKD maps. Due to this, it has only been used sparsely and conservatively in order to fill in the
interior of crystals and grain boundaries.
V.4.5 Selection of structure

The selection of structure was essentially a method used in order to collect statistics of the
coatings crystal distribution and in detail study parts of the coating in which indexing was low.
Initially and in order to collect statistics a 30 nm step size was used, which did give a high
indexing of large parts of the coating and also did give statistics which were similar to smaller
step sizes.
Areas of medium size were then analysed with step sizes of 10 nm and smaller parts of these
were also analysed with step sizes as small as 5 nm. Using successively smaller step sizes did show
on regions which earlier had indexed poorly could consist of smaller crystals with sizes smaller or
equal to the initial step size of 30 nm. Still, even for very small step sizes there were regions
which did not index and were either due to overlapping crystals or amorphous regions. In general
however, the areas which were amorphous were small when compared to the crystalline areas.

VI. Conclusions
VI.1 Sample preparation

As stated earlier, all attempts to produce a sample by mechanical polishing using the MultiprepTM
failed due to issues with either the coating or sample breaking off in various ways. It does not
necessarily guarantee that it is impossible to prepare a sample with the MultiprepTM but the
difficulties with the method require both finesse and time. A final method using a sandwich
method was tried with the sample placed in between two silicon wafers (with the help of two
employees at Sandvik). The method suffers from difficulties from gluing but is a promising step
if the glue holds as it could hinder parts from the sample of interest tearing off during polishing.
In situ lift-out with the DualBeam proved to be a very successful way of producing samples for
TKD. It minimizes direct handling of the sample and provides a way to produce samples of
different materials in the same way. The results obtained in the subsequent TKD analysis showed
on high indexing indicating on that the necessary parameters for the sample preparation had been
fulfilled.
VI.2 TKD

The results from the TKD maps showed that the method was well suited for analysing TiN
(Ti,Al)N coatings and the results suggest that the approach used should be applicable for other
materials as well. One issue which lowers the hit rate is overlapping grain boundaries which pose
as a larger problem for TKD when compared to EBSD due to the different resolutions. If the
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software could analyse overlapping grain boundaries and differentiate between grains the hit rate
of TKD would increase and possible reveal more about clusters with many, small crystals.
VI.3 Future work

There are many possible choices for future work regarding the use of TKD. These can roughly
be divided into alternate preparation methods, possible ways to increase the results during the
analysis and improving the software analysis tools for TKD. Two specific examples are the issues
with electron beam contamination during analysis and the analysis of clusters of small crystals
and crystal boundaries.
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Appendix A
Scattering
Scattering is the result of interactions between particles and only by understanding the theory
behind scattering is it possible to analyse materials and interpret/understand the results correctly.
Typically scattering is differentiated between elastic and inelastic, in other words if the energy of
the incident particle is conserved or not. Generally, scattering is expressed by the probability of
measuring how the incident particle was affected by some potential (be it from a single atom or
by some field of several atoms). By observing at which space angles it was measured in
comparison to its incident coordinate set, the deviation of the particle and consequently the
scattering probability is determined.
The following part is however by no means an attempt to give a detailed or complete
description, merely to briefly mention some of the central equations and how they relate to
observed intensities. For a proper formalism and presentation of scattering, there are several
books in quantum mechanics that cover the subject [31]. By keeping that in mind, below the
scattering factors for X-rays and electrons are given and also the kinematical and dynamical
theory are very briefly mentioned.
Scattering amplitude

By determining how X-rays and electrons scatter from isolated atoms and linking this to the
observed intensities it is possible to work backwards. From knowing the observed intensities
unknown atoms may be identified, shown by the relation between the scattering factor and
measured intensities.
For elastic scattering the scattering amplitude ! !, ! , which describes the amplitude of a wave
scattered against an isolated atom, can be related to the differential cross section according to [32]
!" !
!Ω
Which by multiplying both sides with !Ω and integrating gives
! !, !

!!"! =

!

=

!"
!Ω =
!Ω

! !, !

!

(A1)

(A2)

!Ω

Where ! !, ! ! is proportional to the scattered intensity since ! !, ! is directly related to the
probability of the scattering within a solid angle. In other words, the intensity measured from the
scattering is related to the scattering amplitude:
! ∝ ! !, !

!

(A3)

X-ray scattering

For X-rays the scattering factor for spherical symmetry is
!! ! = 4!

!!! !

!"# 2!"#
!"
2!"#

(A4)

Where ! = ! = ! − !! = !"#$/! is the magnitude of the difference between the incident
and scattered X-ray [15].
Electron scattering

For electrons the scattering factor !! ! is defined as
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! 0 !2 !
(A5)
! − !! !
2ℎ
Where m0 is the electron mass, e the electron charge, h Planck’s constant, Z the atomic number
of the atom scattering the electron and !! ! the scattering factor for X-rays defined earlier [33].
!! ! =

Kinematical theory
Kinematical theory describes electrons scattering scatter only once in the sample and described
by the kinematical approximation.
The structure factor ! ! is introduced for scattering when single atoms are stacked in a crystal
lattice and defined as
!

!! ! !!"

! ! =

!!! !!!! !!!!

(A6)

!

depending on which type of atom the scattering occurs from (fi), the position of the atom in the
cell !! , !! , !! and the type of atomic planes that make up the crystal ℎ!" . The intensities
observed are then proportional to ! ! ! in which the form factor has been replaced by the
structure factor accounting for all atoms present in the sample. Rather than explaining the
observed intensities as due to an infinite number of atoms the observed intensity is related to a
single feature.

Dynamical theory
Scattering is said to be dynamical when electrons passing through the sample may scatter more
than once which occurs when the thickness of the sample exceeds the mean free path of the
electron.
In dynamical theory the Hamiltonian
ℋ = −∆ + !

(A7)

is used where ∆ is the Laplace function and V denotes the crystal potential which has the
periodicity of the crystal lattice [34]. The wave function in the crystal is assumed to obey
Schrödinger’s equation
ℋΨ = !Ψ

(A8)

When the Hamiltonian is not on time-explicit form the wave function may be written as [32]
Ψ !, ! = ! ! ! !!"#/ℏ

(A9)

Hence the time independent part obeys
ℏ!
∆+! !
2!

! ! = !" !

(A10)

Since the crystal potential is periodic it may be written as a Fourier series as
! ! = !! !"# !! ∙ ! summing over the reciprocal vector g. A solution to the timeindependent Schrödinger equation is the summation over all Bloch waves1 with wave vectors kj
[35] according to:

1

Bloch waves are periodic waves which may be written on the form ! ! = ! !!∙! ! ! .
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! ! =

!! !"# !!! ∙ !
!

!!" !"# !! ∙ !

(A11)

!

where the coefficients !! , !!" and !! can be solved by inserting the wave function into
Schrödinger’s equation. However, to do numerical calculations one must impose a limit on how
many Bloch waves to sum up since ! ! is not on closed form giving a deviation for the exact
solution to the Schrödinger equation.
Diffuse scattering is an important factor to the background of the transmitted electron signal in
TKD and by being able to subtract the background signal a clearer diffracted signal is obtained.
In principle knowing the wave function of the diffuse scattering the whole diffuse signal can be
determined.
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